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PREFACE 


Many investigators have published data concerning hydrioi 
concentration, (a) in relation to plant cells and tissues, and (h 
in relation to the effects upon plants of the reaction of the medium 
e. g. growth, distribution, germination etc., as affected or apparent 
ly affected by pH. The methods used have been very varie< 
and the results have not yet been correlated to any satisfactor; 
degree. 

The present monograph is an attempt to briiag together th 
main results concerning the first group of data and to discus 
the various methods used in the researches. The second grouj 
of data is considered separately in another volume now beinj 
prepared, but it is deemed advisable to limit the contents of thi 
monograph rather strictly to the details and significance of th' 
internal reaction of plant cells and tissues. 

The writer takes this opjDortunity of recording his gratitud' 
for the invaluable help received, during these investigations am 
during the writing of this monograjih, from his colleagues am 
students, including Professor T H Milroy, Miss M. W. Rea 
Miss S. H. Martin, Miss M. JT. Lynn, Miss M. Llapham, IMr. J, 1 
Armstroncj, and particularly Mr C. T. Ingold He also taJct* 
tJiis ()]>])<)rtunit\' of thanking Professor Prieol Wehi^r for th- 
unfailing intca’i^st and (*< »u!*lt‘s\^, the f runid ly iMiei )uragcnucnit am 
assistaiu'e \vliic*h ha\t‘ br-ouglit so inaii\^ of the workfn's in thi 
field into fruitful eo-ojieratloii. 

All index to authors and ^inotlier to the ]>laiits mentioiiec 
are given at the end, but the iieeil for a subje(‘t imk^x has beei 
met by a fully paginated list of contents which it is believed wil 
be more hel2:)ful as a guide than an alphabetical list of references 

Belfast, Feby. 1929 

James Small 
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PART I 

INTRODUCTION 

OHAPTEPw I 

THE PllOBLEMS 

1. PRO'FRFNS. 2. ENZYMKS. 3. BUFFERS. 4. SAP, PROTOPEAST 
AND WALL. 5. VARIATION IN REACTION 

Tlio fuiidamental work of Sokensjrn (1 909 sq({.), Michaelis 
(1909 ^qc\.) and others has made it certain that the concentration 
of hydro^cMi ions is oik^ of th<^ iniportant factors in t}](^ regulation 
of enzymic activity. The work of Lokb (l91Ssqc[., 1922), Paxtli 
(1922) and others has made' it just as cen'tain that, in spite of 
th(‘ ohjcHitions raised l)y Ivopaczewski (1921)), reaction is also 
a vei'y im[)ort.ant facdor in rcdatioii to the cdiaracters and acti¬ 
vities of ])roteins i/i vitro. Vl.es (1925) suggests a still greater 
iin])ortane(' for reach ion in rtdation to the formation an<l stabilitv" 
of tli(‘ ])rot(‘in ciornf>l(‘xc*s vvliicdi occur in living proto 2 )lasni. 

Thc‘ irn]>ortant i*eguhiting powcu' of ic^aet lou in (Mizyinie. and 
proteiri acdiviiic's having b(‘<ni dcunoiistrate< 1, qint(‘ a lar’gc* nuni)>er 
of probkuns ininualiat-cdy ])resent th(unscd\a\s to tlu' botanical 
phy.siologist. Ma.ny similar jiroblerns havc^ beem considered b\' 
the zoological ])hysiologists and, so far as the human organism 
is (loncorned, jnany of the ])ro])lems havc^ beam solved more or 
hiss satisfactorily. 

These jiroblems, in relation to plant cells and tissues, may 
bo coiivcriicmtly considered under several headings 

1. PROTEINS 

The more complex of these ampholytes are known to he 
relatively easily broken down into sim])l(M‘ siibstanc(*s of a similai* 
Protoplaama-Monographien If. Small 1 
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in pH may have an offoct upon the vegetative activity of the 
nucleus, upon nuclear division, upon the chromosomes as reganls 
their individuality, their persistence, their evolutions in mitosis 
and inciosis, and upon these bodies as the bearers of hereditary 
factors. 


2. ENZYMES 

The reaction of the medium is known definitely to be a factor 
of some considerable importance in controlling the activity of 
enzymes. Kach <^nzyme shows an optimal roaotiou and tisually 
also an iip]>(tr and a lower limit beyond which the enzyme is 
citlKir inacitivated or <lostroyed. In these characters enzymes 
<liffer amongst themselves and even the same enzyme, or rather 
eiizymes with the same action, may he found to differ as reganls 
the optimal ])H of the medium when derived from different 
sour<‘.eH. Further the o)>iimal pH may vary for the same enzyme 
from the same source when the action of the enzyme is cither 
<!onsidered in relation to different characters of the mixed fluid 
or is taking plae.o in media with different eonstii\i<‘nts e. g. buffers. 

These facets have been determiiuul for the action of (Mizymcs 
iih vitro^ and they rais(' various probkuns in connection with th<‘ 
effect of th<5 inU^rnal roixetiou of plant <jells upon tlu^ activitu^s 
of t.hci containcHl enzynu's. Tluxt ciizyiYU^s vary in activity within 
]>lants is obvious from tlic known <lata (?onccrning gc^nninatioii 
and other forms of nMUJwed growth and is probalde in many othc^r 
phases of plant life, o. g. storage of reserves ('t<;. 

()tlu‘r }>robleius an* tiu-n pr<*s<*nt.<*d for possibk* solution. 
What, for t*\a.niplo, an* tin* n*sulls of n*a<d-i<)ii effc'cls on enzyin(*s 
upon the growth, tin* food pi’oduction, tlu* r(*sj)iration and ot-lu^r 
nu'tabolie acl.ivit.i<*s of tin* c(*Il '’rh(‘S(‘ rnigtit w(‘ll vary from 
tissiu^ to t.issiK' and Ix^ <lifferent in iddorencbynia, pan*n<*Iiyma, 
iYi(*ristems, stomata, glands, linings of resin <*,anals and gum or 
oil ducts etc. Variations in pH may bo aissociated with <lif- 
f(*r<*n(x*s in the function or the structun* of tudls, su<‘li 
4XS o<?cur in diff(*rent tissues or in sj)eciial ])4irts lik(^ the [)()ll<*n 
grains and embryo sa(^. <}ivcii a number of eiizynu^s in a cell 
with <lifferent optimal rea<jtions, the actual i)H might w(*ll de- 
t.(*riuinc the relative activity of the enzymes and thus din*<!t. 
or <*ontrol tlie metabolism of the <‘<*11 t.owards a s]>ec.ial end-point. 
Does it ? 


1* 
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CHAPTER I 


3. BUFFERS 

Assuming the probable importanoo oi reaction and variation 
in reaction within the various oells of the plant, wo must con¬ 
sider the factors governing the reaction. The t>rodaction of tsar- 
bonic acid and more complex organic aeiils is known to bo a 
general feature of metabolism. Katabolisni in gimoral ootiHists 
of oxidation an<l hydrolysis, the former imxtess being one which 
visually ends in carbon <lioxulc an<l water, aftcu* having ])aHse<l 
through various stages involving the formation of organi<' aiuds. 
Any control of tJie internal pH shouhl, lher<5for<‘, bo <ixt‘rk‘<l 
against tins general tendency towanls atudification. The \it.ili- 
sation of carbonic acid and organui acuds in carbon assimilation 
is a physiological method of control which might (dearly bc! ('ff(*<i- 
tive in chloronchymatous tissuc^s. The building up of protidns 
from amino-acids is another j)hysiologi(!ul control which could 
occur ill any tissue but which would bo limit(‘d to the control 
of a particular kind of acidification. 

Apart from these metabolic controls, t.h(wt! arc! th{‘ Huh/ttivucfH 
which regulate reaction and whicli arc therefon^ known as buff(‘rs. 
Buffers or ‘moderators’ act hy removing t.he iutlivit ions from 
the sphere of action; o. g. by adsoiption as in colloid t'fb'cls, by 
precipitation as in the case of chalk and cakdiim oxalati^ crystals, 
or by the production of substances whi<di an' ionisc'd to a sinulh'i* 
degree as in the ease of w(^akly dissociated acids. 

Since the anaholie ((ontrols only tend to reduce* (*.vc<>.'<s aci¬ 
dity, feeding as it were upon the ucddification, th<‘y can never 
involve a jxisitivo ‘alkalinisaiion’. The important buffer ftub- 
stances in plant cells arc, therefore, weakly dissoc.iaU'd acids and 
calcium salts. Those buffers act only within certain 1imit(*d rang<*s 
of reaction and it becomes necessary in llu^ inv(*stiigation of hnffi'r 
action to consider not only the buffer ('fftujks at, r(*a(d,ions which 
arc normal for the oells concerned hut also t.he possihh* buffer 
action availalilc against abnormal acidification. 

The investigation of buffer nx^tion in plants involves dctx'r- 
mination of 

1. the degree of buffer action (i. o. the buffer ind<i.\) at- t.lu* naturul 
reaction of the tissues; 

2. the degree of buffer action against abnormal pll vahu*s wliiidi 
might well be dangerous txi the ladls coius'raed; 
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3- the iclontificaiion of tho buffers acting at and helmv ilxo norntal 
pH vahies; 

4- tho qiiautitiitivo OKtimation where possible of tho concentration 
of tho buffer substances identified as present; 

fi. tho oluoidation, whore possible, of tho source of tho buffering 
Hubstancos. This source may bo direct absorption from the 
soil, os is possible for phosphates, but it may bo metabolic, 
and dej)endent upon many physiological factors as in tho 
Oiisc of organic acids, like malic and citric acids. 

This last point oinphasisos tho importance of metabolic 
])rocc"ssos as possible factors in the regulation of reaction. They 
may act directly by removing tho acid jxroduots as in analmlism 
or they may acit indirectly by tho production of weakly disso- 
<uai(Ml acids as in katabolism. The problems are many and vary 
witli each kind of idaiit and each variation in tho external con¬ 
ditions. 


4, SAP, PlfcOTOPLAST AND WALL 

Hie c(dl sap, being coinjiarativcdy unorganised and relatively 
sitn|>le, is ])robably not injurc<l by large variations of rcticiion. 
On the other hand reaction may det.(‘rmino to a considerable^ 
ext.(*nt. the actual (‘.onstituonts of tlie sap and so control th(5 food 
available for the ])roto])bwjt, as also tho osmotic or suction j)r(^ssur<i 
of the saj) and therefore' the growth of the (iell. 

protoplast, re'gardeel as a colloidal complex largely coin- 
])<>s<‘(l of proteins, must b<'* etonsule^rc'd as scMisitivc^ in a mark<Ml 
<l<‘gr(M* to la.rg<‘ <*.hang<*s of nNudion. Wladlur siu'h larg<‘ ehangess 
an‘' p«HHibl('‘ wit hout (h’^strue.t.ion of thes ]>rot<(*in coinpl<^\<‘s is 
c*xc<H*diiigly <ioiil>tful au<l tlu* ac^tual n^Kd-ion of cytoplasm may 
b(‘ found to show praedii^ally no variation, at- h^ast- within lh<'- 
same (udl. may, howevcu*, be highly signific^ant variat-iems 

ill the re^act.ioii of cy(.o[)laHm as oik^ pass<"s from tissue^ t-o tissues 
or from plant, to plant. A cytoplasm which is siabh^ in <;<>nt.a(d. 
with an ext(u*nal or internal fluid of pH irO may well pr()v<‘ un¬ 
stable in e?ontae.t with a fluid of pH 4*0, while anotlier cytophisni 
may be epiite stable threiughoiit that range. Is there a diff(u*eiu*e 
betwoeii tho pH of the saj) anel e)f the cytojdasin V If there-t is, 
how is this elifforoneio maintaintMl ? If there is not, he>w is t-lies 
interaction obtained and how do variations affect tho pH values 
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of tho two kinds of ooll contont ? Many oih(*r problems ur<* here 
raised. 

Celhiloso walls in general <lo not show a diffcTc^ni.ial-ion in 
reaction; but collonohyma, calcium pwtaio or muldk^ lamella; 
lignified, suberisod and outinise<l walls, iis well as callus plugs 
and some special oellulosio walls all show what a]>p(‘ars to Ixt 
a definite distinctive and true virage with indicator <ly<‘s. TIki 
source of this virage and tho differ<‘ntiat.ion which is iiKlictaled 
raises some of ilio most interesting i)robl(‘ins in the study of plf 
in relation to plants. Does tho reaction control the <liff<‘r(>nt4at.ion 
of ooll walls? Do oxtomal or internal conditions <iont.rol t.his 
differentiation directly or do they act hy controlling t.h« reaction V 

6. VARIATIONS IN REACTION 

Whether effective buffer action octuirs or not, it. is eoncf'iv- 
able that tho reaction of sap, cytoplasni or wall, atjy or all of t.h<‘se, 
may remain tho same all the time and in all plant, cells hut, it. 
is much more likely to vary. Some of the possible variations 
in reaction, some or all of which may prove to he significant, 
from the point of view of plant physiology, if not from the fuindy 
eoonomio or agrioultural point of view; some of these variat ions 
may be listed as follows —• variations from one part of the csell 
to another part of tho cell; variations within the same ocdl from 
time to time; variations during the growth of tlu^ plant, <]inrnnl 
variations, seasonal variations; variation from tissue to tisstu', 
from one part to another of tho plant iti tlu*. same t.issiu*, from 
plant to plant, from species to spooios, from genus to gCMins, from 
family to family, from group to group, from phylum t.f) phylum; 
variations with the external medium ii» lower and in higher plants; 
variation in connection with dofinito physiological act ivit u's siu^h 
as photosynthesis, stomatal opening and closing, response* to 
stimuli in taxisras and tropisins. This hy no nK'ans ('xluiiists 
tho list of possible variations, hut it does raise the* pr<d)le*tus of 
tho connection, causal, oorrelat<*d or merely ce)neee>mitant, l)e*tw<*eM 
any variations in reaction which arc femnel t.e> i>e. asse)euat'<*el witli 
any of these eliffercncejs in times, elcvelopinents, e-onditions, 
functions or phylogenetic positions. 

Throughout, of course, there are e)tlier effe*ctiv(* fiM!te)rs 
which may either bo kept ooirstant and thus climinatcel or other- 



THE PROBLEMS 


7 


wise taken into eonsidcratiou. We arc aware of KueJi other factors 
atul recognise ilic importance of some of them. Hydrion concen¬ 
tration is not the master factor of physiology, any more than 
is temperature, light, humidity or water content. 

At present wo arc considering only the one factor and that 
only so far as the internal reaction of the plant is concerned. 
Tlie above-mentioned problems arc some of the problems involved 
in the study of hydrion concentration in relation to ])lant colls 
and tissues. Having stated our problems wo can proceed to describe 
some of the motiiods us(mI and some of the results obtained in 
this study, bedore re-stating our ])roblems and preparing for 
further in vest igat-ions. 



PART II 

METHODS 

CHAPTER II 

THE HYDROGEN ELECTRODE 

1. 1>R1NCUI>LK. 2. MATKKIALS. 3. ERRORS 

1. PRINOIPIK 

The basis of the Hydrogen Electrode Medhod is Nkrnst’s 
theory of electrolytic solution pressure ( 1880 ), which that 

when metals are immersed in liquids tlieir atoms ttuid to pass 
into the ionic state. The EMF of a metal-solution electrode is 
given by the equation 

RT P 

EMF .,ln - 
nE j) 

where R ^ international jouU^s or volt. (W>ulombs, T absolut e^ 
temperature, n vahuioy, F ^ faradays, In - symbol for Na- 
perian logarithms, P osmotic pressure', and p el(Mdrolyti<^ 
solution tension. 

According to this theory three (conditions an' ])ossibl<* as 
the result of placing a i)late of metal in a solution containing 
ions of the same metal. 'V]\o eh'X'.trical <^ou<lilion is gov<‘i iu‘d by 
the relation of tlio osmotic jiressure to tb(' <'l<'c*t roly ti<^ solut ion 
tension p. If p bo greater than P cations pass from tbe* plat(' 
into the solution leaving the plate negatively (ihargc'd and making 
the solution positively charged. A potential difh'rence is th('r<‘- 
fore developed. If i) bo loss than P, cations j)aKs from t lu^ solut ion 
on to the plate and again a p. d. is dcveloj)ed, this t.im(^ with 
the signs of the charges reversed, jdato positive'; and solution 
negative. If P = p, no potential difference occurs. 
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NiciiNsr'H foriiiulti Ik uhc( 1 in a modified form to 

C, P 

hydrt)gen clootrodoH, — being substituted for —, where Cj «nd 

Cj p 

Cg ar<% the couuontrations of hydrogen at the two electrodes. The 
hydrogen is taken to act jxist as a metal cation does. Metal- 
solution or hydrogen-solution potential differonoos have been 
taken »ih ])roportional to the osmotic prossuro of the solution 
and varying therefore with ‘C’ the ‘effective concentration’, 
i. e. with ‘o’ the gramme moleoxilar concentration and ‘K’ tho 
degrtw of dissociation; so tliat O = cK. Tho electromotive force 
of HiKih a system can bo calculated and the calculated result 
iuiB been xjonfirrned .experimentally within certain limits. Since 
tlu^se limits vary, all tho clootrometrio mctliods have been based 
upon comfiarison with a standard’. 

'Fhe critical point in i<ho theoretical btisis of the calculation 
is the assumption that tho conductivity per gm. mol. concen¬ 
tration at infinite dilution bears the same relation to tho oon- 
<lx«siivity, ijer gm. mol. (sonoentration at a dofinitts dilution ‘v’, 
as (>}ie comjxlctc dissociation at infinite dilution boars to the per- 
<5eii<.age dissociation at dilution ‘v*; i.e. that — 

(>oiidii<'taii«<‘ at ‘v’ dilution ’’o diB«o<*iatif>i> at ‘v’ dilution 
(^ondiu-t.aii<!<< at infiniU< dilution compl<-tc <liHM>ciation at infinite dilution. 

This assum]>tion has boon attacked by Lkwis (1912) and 


activity I 


(J, 


others, wlm have substituted —-: for —■ or - in tlK' basal 

a<tivity 2 

formula; tb<* ('ffc'cd.ivc <!onccijt.ration of tlic. a<‘tive ions biang 
Hii]>p(>s(‘d to be ]>ropor(>ional to <h(< mobility sis well sis to the 
csmcsMitI'sition of tbest' ions (sss* (^i.ahk 192H). 'Phis sissumption 
hsis sdso bcs'ii r<*j«'<it.('d f<sr living I’-clls by Kki.i.kii (1912- 192.5, 
ss‘(? 1925 pj). 22 sspj.), silso (jIi<iki.iiokn (1928) on ot her grounds. 
According to MnuiAKnis (1929, p. 128) “the t.nsi' conc<‘ntrsition 
of the 11-ions is, on the other hsind, (‘ut indy unknown. We Juivs^ 
no sliroct nudliod of iiK'sisuring it, sind )>robab]y it is of no grosit 
inl.en'st. 1.0 us, for t.he cff<‘cl.ivcness of t.h(s H-ions appears to xlc^pcnd 
only upon the the H-ion sic.tivity.” CijAkk (1922) gives 

various valiums for the bsissil i>ot.(mtial differtuice. between normal 
csilornel and normal hydrogen (dectrosles at 25“ 0. I’heso are 
9'277t), 0*2828, 0*U,‘M7 siixl 0*3957, and since th(‘y are used as the 
basis of all hydrogen elootrodc measurements they have a certain 
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im])ortaiicw. The variation in montionod hero mainly to in<li(!af<*. 
that inwistoiioo on nooon<l and third docimal ])luoo figurow in ])H 
measuremonts of plant coll-Hapa is rather actadornio. 

The hydrogen oloctrodo is, for various reasons, n<Mth<*r so 
useful nor so reliable when applied to living colls as the indi¬ 
cator methods at our x)rcscnt stage of knowlcMlges of n^aediou 



Fig. 1- Hydrogen iElootro<lc Apparatus, — galvanomct(»r; I\ <*oinimi(ai<)r; 

7’ tapping key (slightly modified ex Milkoy iifter Clark) 

phenomena in plants, but for convosnionco wo inoliuh^ a l>ri<d 
summary of the teoliiiiquo. 

A plate of platinum blaok saturafcul with hydrogcui aols 
with respect to the hy<lrogoii like a x^lato of nu^ial. This potcMit ial 
difference can bo detected and mo^isured by cunn<'<d ing one* suc^li 
electrode with another similar oloctrodo, if the solutions sur¬ 
rounding the plates bo of different concentrations, T\w solutions 
are connected by means of a strong solution of }>otassiuin <dilori<I<% 
in order to eliminate diffusion i)otontial tliffercncos at the licj[uid 
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junciioiiH and iho KMK of thiH concontration coll is inooHuml, 
tiHually by moanH of a potontiomotrio apparat\m. 

By oxx>oriincnt it is found that, for all oanoH whoro the ion 
iH inonovalont and when one of tho solutione iw ton timoH more 
conotaxtratod than tho other, this EMF at 18® O is *0677 volt. 

Ah a inattor of opnvonionoo a calomel olootrodo is used instead 
of tho norrruil hydrogen elootro<lo and tho EMF botwoon a Btandanl 
()•! calomel olootrodo and tho normal hydrogen electrode at 18® C 
is "3377 volt. A solution of unknown hydrogen ion concentration 
is introduc<^d into tho hydrogen electrode vessel and tho jjH itj 
<lel.orinin<i(l by iiuains of tlie fonnnla — 

I EMP observed — *3377 

I'W.. o; I-H) ”--^55 t7- 

''rhe ^oiK^ral a[>parat/UH coiiHiHtK of au acounnilator, rhooHiat, 
galvaiiojnotor and poiontioniotor (Pig. 1). This is calibrated by 
incaiiK of a standard Weston coll. The rheostat is used to brings 
tho fall of potcut.ial to *1 volt per coil of tho potcntioiuotc>!r and 
•001 volt per cm* along the scaled wire. With a dial j)otentioinot.(‘ir 
tho dials are sot at tho reading for tlio Weston (jell (1*0183 volts) 
jind th(3 rlu'ostat adjusted to give no movonKJUt in tho galvano- 
in<3t<‘r. 

Ill both cas('s the poUuitionictor l>e(5oincs a direct.-reacling^ 
urrangeinciiit and tin’s '‘KMK observed” can Ixj dctcTmined for 
th<3 “unknown” solution. Many details of t(Hdinicjuo ar(‘ of im¬ 
portances Tlujy can bo found in (Jlauk’s inonogra]>h (1028) 
or in MisLowrrzKii’s “ Bcstimmiing” (1028). 

2. IVIATKKIAI.S 

A Iarg(‘ vari(‘ty of inate^rial has Ikm^ii used in hydr<)g(ui 
trode v<*ss<‘ls of ihv. iiorinal type, '^riu’s (^xtxu’iial li<juid nnxlia of 
plants, g. fresh-wa.t-<‘r, s<'a.-wat.(’r, soil-watcu* or mor<'. coinnionly 
a<{ue<)us extracts of soil, have Ixx'ii (’sxainiiu'd. 8o far as the in- 
1.cu*nal fluids of tln^ plant an* coiujeriu'd, th(’‘ hydrogem ekxjirotUj 
has IxHMi UH(‘d for <jell-sap which has becui cenirifugcxl out afk^r 
frcM'zing or wit.hdrawii by spcxual j)ipettes (WA<i nkk (ItM(>) or 
by suction (Bknnktt 1027), It has bccui applied also to an mpuxms 
ext.raot of inaci^rated (jrushod seeds (Niamhic 1025) and to juice’s 
ex]>resscd from tho whole or ])art of tho plant (by many authors). 

Tho ordinary hydrogen (dt*etrodo has not been used for 
cell-wall reactions axid obviously cannot be used for tho laernial 
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living j)rotoplasni of tho coll. Tho oxtoriml iiKHlia aro oxprcHsly 
omitted from tho present volume. The application of tho ordinary 
H-electrode is therefore limited to ooll-sap and plant juioos. 
The separation of ooll-sap from tho cytoplasm l>y freezing and 
centrifuging or by tho methods of Waonhub or Bknnktt may be 
considered to result in relatively little al(.eraiion of tho sap, 
although such alterations may he important in certain eas<w. 
These methods also have tho advantage of resulting in oottipa- 
ratively slight atlmixture of tho sap with foreign sul)Ht.an(!(“s, 
and tho disadvantage that unless special precautions are taken 
tho saps from different tissues aro obtained os a mixed 
fluid. 

Tho method of expressing tho juice by i>roHS\ire 1ms none 
of tho advantages of those special methods of sap H(‘pnration, 
and this method results in a fluid, ‘juice’, whiesh is almosi> (u^rtaiu 
to contain a smaller or greater quantity of cyioj>laHmi(t suhstaueo 
and which in the usual plant material is certain to h<( a mixture 
of juices from several different tissues, all possibly wit.h diffiTcuit 
pH characters, different buffers, etc. Tho use of expressed juice 
for pH determinations which are suppo.sod to liavo some sigui- 
ficanoe in relation to tho living coll, can lie justifies! only wluui 
quite speoial nearly homogeneous tissues arc used, suoh as l.he 
storage tissue of tubers or the succulent tissue of fruits. 

In all those sap or juice materials, tho volatiU‘ <‘l(‘ni<‘nts <*f 
tho fluid have an opi)ortuiuty to osoaix^ during t.h<^ proci'ss of 
preparation. Perhaps tho most impuriiant and widt'-spread ‘vola¬ 
tile’ element of such liquids is carbon dioxide. It has l)oon doinon- 
strated repeatedly that tho carbon dioxide cont>(u)t. of ilu*. <iell 
may be considerable. It has boon definitely shown that the inter- 
oollular spacos of plant tissues contain comparativc'ly larger per¬ 
centages of carbon dioxide, up to 21 % in ap]>los, 24 % in j>ol.atoes 
and 28% in carrots (Maqnjbiss 1020). It has hecui shown also that 
carbon dioxide in similar stremgth can have a ntarked 
ujion tho actual reaction of plant juices (Maktjn 1027-- 28, 
Inoold 1020). Tho jmssiblc imjmrtance of the partial pr<>ssur<'! 
of carbon dioxido on the pH of plant juices shouhl, thendon*, 
bo recognised by plant i^hysiologists, as it has been almost uni¬ 
versally for the human organism by animal physiologists. Kincti 
many plant juices aro normally of a reaction nearly or (jiiite 
-outside the range in which tho carbonic-acid-bicarbonate buffer 
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syatoni Ih effectives thw carbonic aci<l factor in probal)Iy more 
irn])()rtant in plantw than in animals. 

3. ERRORS 

Apart from those elifficiiltioH in the preparation of the fluid 
to bo insCTtcd in the liydrogen electrode vessel, there are orrors 
inluirent in the method itself. Firstly, the fluid when intro<lu<!ed 
must rcaoh equilibrium with tlie hydrogen saturating the platinum 
black* electrode; that is, before the E.M.F. can be observed the 
experimental fluid must Ix'. reduce<l. This involves a change in 
the <>xi<laiion-r(Mlii<*.tiou potential of the fluid and 7 )rol>al)ly other 
j)ro|)(‘rti(‘H (diange at. the sanu^ time. In fact, the checking of 
(deciroincilrie* nuuisunum^nts with eoloriinetrie ineasur<unents 
is definitely adviscMl in e<M*tain cases. Electrode 'poisoning’ by 
|)rot(dns is anotlKU* likely <‘iTor witli many ])lant juices. T<duol 
ami pluMiol iise<l as preservativ(‘s may also interfc'sn’s witli liydrogcui 
el(‘ct.rode detc^nninations. 

<)xyg(ui ami carbon dioxhle occur commonly in jdant fluids 
and both liave mark(‘<l <*ff<‘<?ts, C)xyg<Mi naturally in1i<‘rf<TOH with 
th(^ ubov<'!-in<Mitiom'd riMlmd.ion, until it is removed ami th(‘ fluid 
ehang<'d at. h'ust. to that. <'xt('nt.. (Wboii dioxide^ dilutc's tlu^ hy- 
(lr<)g<*n and may also act as an important factor in I-Ijc actid-basc^ 
(^(juilibrium, n'lahn’ing "‘aecairatc* m<‘asur(*inent.H difficult unh‘ss 
l)oth (‘ff(*ct.s an^ taken into consideration and ])iit under (Control” 
IPiJS, ]).‘M.S). TIus prcxicwliire sugg(»Ht<‘(I is the determina¬ 
tion of the partial pnsssune of (-Ojj in th(^ fluid followcid by adjust ¬ 
ment. of th(‘ hy<lrog<Mi gas witli the ])ropcir ])<‘r<?(‘ntage of (*arbon 
dioxide or by <*orr(xd.ion for t.lu^ known OO.j pn'ssurc* of tb<‘ so¬ 
lution. d’his carbon dioxi<le <*rror may be pll O-T) to pll 1*0, or 
(wesn mon^ in ndativ(‘Iy unbufb'red plant. flui<ls. 

(\)iieerning tJa* c»rrors of th<‘ hydrogen (‘l(H*trod(‘ met.hod. 
v/..ver/ on pUint or animal material, Iti^uss (192(5) p. SJl) \vrit<‘s 
“(Ui|)('mlant (U‘tt.(^ im'd.hod eoniport<‘ d<‘s (jaus<‘S <l’(UTeur e<>nsi<le- 
rabkss. La dcistruction prohiibh' des coinpk^xes, le <U'q)Iacein<uit. 
d(‘s (^<|uilibr(‘s <ra<lsorption, la fuite lihn^ dc! CX)^, le nu^'dangi'i <lu 
protoplasmc’i avecs les enclaves li<{uid<*s (‘t autn^s, le cb'^elaiudie- 
itient de jiroeessus fermentatifs, etc., ont jiour effet <|ue 1<‘S re- 
sultats obtenus sont — alchitoires.” Many eriticusms of l.h<" in¬ 
dicator methods have been inad(‘, but the rc^sults hav<' never Ixxui 
described as aleatory! As one definit<’» exan^ih" we may <juott5 
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a variation during one determination from pH 5*87 to pH H-15 
found by Hbmpel (1917) in the pitcher fluid of Nepenthes, a 
variation recognised by Hbmpbl as due to the effcot of tlie hy¬ 
drogen of the H-clectrode method used. 

These and other considerations explain why juost of the 
botanical observations of pH liave been made by eolorinustric or 
indicator methods. 



CHAPTER HI 

THE QUINIIYDRONE ELECTRODE 

1. \nUN(^lV}.K. 2. HYDKOQUINHYDRONE ELECTRODE. 

;l materials. 4. errors 

1. PIUNOIPLE 

The quinhydroiie electrode has come into use for botanical 
fluids, mainly because of its great convenience. Habeh and Russ 
(1904) laid the theoretical foundation of the method, and Va- 
1jEuk( 1900) had described a method of })re])aring the substance^ 
which yields, according to Kolthoff (1927), a very p\ire product 
giving good results with weakly buffered solutions. Biiumamn 
( 1921 a) introduced the <(uinhydrone el(‘(dro(Ie together with 
another method of (piinliydrono preparation (19211)). ''Flie ehn*- 
t.rocle has been investigated from various ])oints of vi<'w by tlu^ 
same author (1923, 1924, 1927), (Irakgjkh and Nflsoi^ (1921), 
S(UiKNSKN (1921), VniUKU (1923), Kouthuff (1923, 1925, 1927), 
La Mku(I923, 1925), Miohaklis (1924), ET^ris('ii (1925), S('nAK- 
fior(1925 2()), Mislowitzfr ( 1925, 1925), Kokhn (1925), Smo- 

LiK (1925), Vlks (192()), Sc'hau-Ku an(3 Llu (1927) and othm-s Ya- 
rious nudbods of |)r(q)anng tiu' (juinliydrom^ ai‘(‘ givtui in tht^ 
liti^raturc^*), hut for g<m(U'al use, it- is availahh^ r(^a,dy-rnade from 
Kahliiaum and from tlu^ Brit.isli Drug Hous(\s, Rondon. 

In prineiph^ tliis nudhod involves thc‘ sa-nu^ ])lHmoinena as 
do oxidation-rcMlucdion })ot(miials in general, ddiese arc^ discussc'd 
in some'! (hd-ail by (h.AUK (192H), Nkkdiiaivi (192()) and Misno- 
WITZFR (1928). Th(" e^ssemtlal points may b(^ summarised in the 
(^(uations -— 

1) 8(‘c Biilm\NN (1921 h), Koltuofk (1925, 1925), iVI isi.owrry,Kit 

(1928). 
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GHAPTER m 


( 1 ) 

( 2 ) 


(3) 


2 H+ + 2 electrons Hj 
O 0 eH 4 O -t- 2 electrons ^ 
qiiinono anion of hydroquinono 

CeH^Oa+Ha ^ C4H4(OH)3 


Translating tlio last c<£uation into cloctro-cix'niicul 
we have — 


(4) 


CeH 4()2 I- 2 H — 2 K c-- (J^H 4 ( 0 ilia 


tornjH* 


Tho EMF of such a syatcm can l>o ineasiir(‘<l Jis before, 
a hydrogen electrode systein 
EtT 

E —jr In which at 18® O 

nF 

= ()'0001«837 X 29109 X log. — *0577 log ^,3 


and pH =■ 


:EMFj)lw.j-^377 

'OEff ’ 


Thus for 


where '3377 is the JfiMF of a 'IN calomel -|- IN hydrogt'n tthain. 
The potential of the normal hydrogen olectrodt^ is '7042 volt 
lower than a saturated quinhydrono (doctrode, aind -3377 volt 
lower than a -IN calomel electrode, therefore t.h<‘ (luinhyalrone 
electrode potential is higher than a 'IN ciilomel eleeta'axla* by 
'7042 — '3377 = '3(105 volt. 

The relationHhi]>s may be given (.bus — 

IN --7042 volt— -V (iiiinbYdroiie 

-<-• 3377 volt-• 1N calomel 

therefore' ]N calomel3005 v.-> <|uinhydi'one. 


Since the calomel electrode is negative to llu* <iuin]iy<lron<' 
eleotrotlo, instead of being positive as it is with the hydrogen 
electrode, for a 'IN calomel saturated <piinhydroii(* syHt(‘in nt 
18® C tho equation for the pH beoomes — 

'3005 —EMF ohs 
pH — :pr >77 ■ 


KoLTiroFr (1926) gives the oorrootions for ((‘mjK^ralun* for 
'IN calonud -|-sat. quinhydrono system thus — 

■30<15_— '00008 (t — 18) — E obs 
p , Ti-Topp2 IS) 
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and for 1 * 0 N calomel + sat. quinhydrone as — 

-4181 —-00050 (t —18) —Eobs 
“ -05^ 4-^0002 (t —18^ * 

The groat oonvonienco of the quinhydrone method is obvious. 
It do(‘.H not involve the preparation of hydrogen, nor the‘blacking* 
of the platinum olcotroclo. All that is necessary is the usual j)o- 
ioutioraotric system with a standard Weston coll or other ar¬ 
rangement for calibration, a standard -IN calomel oleotro<lc, 
and a suital>lo (jontainor for the juice under examination fitted 
witli a (bright) platinum electrode. The juice is placed in the 
olocitrodo vessel together with sufficiient quinhydrone to allow 
of some being loft uudissolved. If the liquid is suitable for this 
type of electrode equilibrium is reache<l in a vt^ry short tinu^ and 
tlio EMF can b <5 d(^terniined directly. Tlie reading must be taken 
(juickly, in a few seconds or at most half a minute, asthei)otential 
<liffereiu!e, wlieii the circuit is closed, is of very short duration. 

Ettisoii (1925) and SAMoicrj (1927) used micro-quinhydrone 
olecstrodcs. The latter obtained fairly consistent results using 
a small flat <liamotid-shapcd x>l^tinum eic^etrode dip]>ed in (juin- 
liy<lrone p(>w<l<'r and inserte<l in a slit in a piece <>f tissue, the other 
<uid of wliich Wixs placo<l in a tul>e of saturated KOI solution. 

3. IlYDltOQUlNllYDKONI] ELIKITRODE 

HoRKSnskn and his collaborators (1921) suggc\sled ihc use of 
({iiinone or hydro(|ijiiioue in eonjunetion with quinliydrone in 
ordi-r to avoid certain salt (u*rors. As is iiulic-atcd Ix-lovv, iJic 
salt. <‘rror of l.hcs siinph' <juiiiiiy<lron(‘ <‘l(H^tn)<lc with ordinary 
plant jui<M‘s is iK^gligibhs hut ih(‘ modification of thi* <‘l<‘ctro(l<‘ 
int.o a liy<lro<iuiuhy<lron(^ <‘l(*ct/rod<' was again sugg<*st.<Hi by Hiin- 
MANN and Lund (1923). 

Wluui both solid (piinhydronc and soli<l hydro<|uinon(* arc* 
prcs<Mit in cxcu^ss in i.h<^ clceiroch^ fluid, t.lu' r(*a(d.ion b<‘coincs a 
<*hang(' from s<>li<l liydnxpiinoiie to solid cpiinhydroiu', thus — 
<'0H4(OH)^. 4- H., o- 2CeIU(()H)a 

An electrode of this tyjxi shows, with a normal hydrogen 
elee.tnxle, an EM F of 0-0179 volt instead of 0-7042. The working 
(xpiation with temperature corrections becomes 

•2802—-00068 (t—18) — 15 obs 
-0577 + *0002 (t — 18) ‘ 

l*rc)t<^l>larttkin-Monographion II: Small 2 
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The only difference in the toohniqno is that. HoUd q!iiiihy< Irenes 
mixed with an equiinolecular weight of noli<l hydro<iulnone in 
added in slight excess to the electrode fluid uutler investigation. 


3. MATJ2UIALS 

Quinhydrone in solution dissociates into {{uinoneaiul hydro- 
quinone. The presence in the electrode vessel of soli<I (piinhydron<> 
yields a saturated solution of the undissociated quinhydrtjiu'. 
But hydroquinonc also dissixsiates, in two st^igtts, the disso¬ 
ciation constants being =•= I x 10“^® and Kj lower t.han 
1 X 10~^®, and it is only when is greater than 10 ® that 

this dissociation of hydroquinonc can be rc'ganlixl as n('glibl<> 
in calculating the IGMF of tho electrcxht. Liquids to he suitable 
for pH determinations in tho quinhydrone elcctro<lo must, tlu'rc!- 
fore, have a reaction at loast bolow i)H 8. 

Further, the hydrogen in an ordinary hydrogen elctd.rod<‘ is 
always at a more or less constant (atmospheric) pressure, and in 
very accurate work barometric corrections art' appli(‘<l. Tlu* 
relation between EMF and pressure, P, is given by th<> formula 

yp 


B = RT In 


[H+] 


In a reducing medium with P greater f haii om* 


atmosphere there is an evolution of gtui, but with most organii' 
reduction mc.dia, including hydroquinonc solutions, Itydrogen 
pressure is so small (of tho order of 10 atmos.) that it can Ix^ 
neglected entirely^. The t(‘rm /P can be eliminatitd, h'aving th<‘ 
B varying with [H+], and so allowing the pil of a solutioit to tx^ 
calculated directly from tho observed BMh' w'hich is given wlu>n 
the solution reducing medium is connecttxl with an elecd.rod** 
of known potential. From this it follows that liquids whitdi show 
a measurable pressure of hydrogen are not 8uitat>le for i)Il <lek*r- 
minations by moans of tho quinhydrone clectnxle. Most, plant' 
juices are suitable but many commercial fluitls are quil<* unsuit¬ 
able and their reaction is measured by otlier forms of <‘l<‘citr<)d«>H. 

Tho juices for which tho quinhydrone elotstnule is suitable 
include thoso of succulent plants and those of ordinary laud 
plants where tho reaction is rarely above pH 7-0. 'I’his tyi)e of 
electrode has been used succossfully for cactus juic<s potato jui<x‘, 

1 ) This cannot be done in tho presoiioc of bivalent leiul, trivnl 4 ''nti 
iron and similar substances. 
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etc., Dbnky and YotrBBiN 1927; Ohoa 1926; Ulblha 1928; 
Mason and Maskell (1928); Inoold (unpublialiod work); and 
others. Its convenience and general applicability merit a wider 
use in botanical physiology. 

4 . ERRORS 

The quinhydrono electrode, when used for unnuitablo fliikln 
is affected by very largo errors. Koltiioff has shown that by 
working quickly and using well buffered solutions the results 
are good up to pH9, but for ordinary fluids the limit of alkalinity 
pemiissiblo in the quiuliydrone method must bo taken as pH 8 . 
Within iliat limit the method avokls some of tlic errors inherent 
in the hydrogen electrode mctliod, such as ihi^ gradual reduction 
and the driving off of carbon dioxide. On the other lian<l the 
(luinliydronc method is, like the indicator methods, subject to 
errors not inherent in tlio hydrogen electrode. 

Jt is necessary, for the basal calculation, that qiiinone and 
hydroquiiione bo present in cquimoleoular proi)ortions, and 
excess of quinhydrono is added to the solution under investi¬ 
gation as a convenient method of ensuring that the cquimoleoular 
proportion is maintained. If, however, salts are ]>resent in the 
solution which act different.ly upon the (piinone and the hydro- 
quinone, then this neciossary l>alanc.e is destroyed. Souenskn 
(1921) demonstrated that chlorides have a nuuih stronger effect 
upon hydroquiiione than upon quinone, and this <liffereiiee i>ro- 
dueed alterations in th(‘ observed KMK to tlu^ extent of milli¬ 
volts for - Na( <1 an<I 2*S millivolts for IN Na(M. Sohknskn 
and his collaliorators sugg<\st-(‘<l tiu' us<‘ of a moilifica-tjoii of tlu' 
mc^t'hod whereby this salt error can he avoidiMl, but. for ])laiit. 
juices wlu*rc the salt c-ontent. is usually much l(*ss t.han ‘5 normal 
<u>neentrati<>n, the* modification is not n(‘c(\ssary on acc.ouiit of 
tlu^ salt ('rror altliough it- may Im‘ useful for otlu^r reasons. In 
the <uise of salts twen with •r^N Na(U the (hwiat ion is only 1*3 milli¬ 
volts, an<l, as tlu's <Icviat/ioti varies almost directly with tlic eoii- 
coutratioii, in ordinary plant, juices tliis salt error would bo ipiite 
nogligiblo. 

The protcun error has been examined by Ivoi-iTiioFF (1925), 
Mislowitzkr (1920), Vniis (1926) and Bohait-Kuani; Liu (1927), 
wlio all more or less agree that althougli there is an error with 
blood serum, the protein error can bo re<luce(l to between ‘01 

•.)m 
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and *03 pH by dilution of tLo eorum with water to four timoM 
the original volume. Since tho concentration of {>roi<>inH in plant 
juices is normally much low<»r than that of serum the iiroUnn 
error also may bo couBiciero<l neglible for t.!iat inut>t'rial. 

A much more Horious source of error in tho eus<* of plaitt> 
juices is that shown by the quinhy<lrone inetthod ai>plic<l to solu¬ 
tions of phosphates conttiining glucose. This error is examitUHl 
by Bxiivmakn and Kataoiki (1227), who stati' that the simple 
quinhydrone electrode eaimot ho used for ])H d(‘terininat-ions 
of solutions containing gluc-ose an<l phosphate's ott aecotint of a 
specific action of the glucose upon tho platinum i>f ilie (‘l(mt.rod<^ 
Since this typo of error has been shown to occur it» the ejtse of 
saccharose also (Suhkbinhh 1024), and simut mixtures of ilu'se 
sugars with {)hosi>hateH are com}>araiively eommon in [)lant. 
juicos, tho sugar and idiosphato error must bt» eurefully guar<led 
against in jdant juictss. Kortunattdy Biiumann and Kataoiki 
(1927) have examined the possibilititw of using tli<» hydroquin- 
hydrone method instead of the simple ({uinhydrone inetluxl, and 
they came to tho conclusion that pH determinations ean be nuwh* 
on such sugar and phosphate mixtures hy meatis of tin* imMli- 
fication known as tho hydroquinhydrom^ electrode and des<‘ril><*d 
briefly above. With that elcKstrode system and 10 per cent. glu¬ 
cose in phosphate solutions of various comx'utraiions the d(>viiitioii 
is —*140 pH; and with sucseessivo dilutions of tin* glueos<‘ by 
equal volumes of pliosphaio solution t.ln* desviation <le<T<*aH«*M 
thus —073 pH, —042, — 029 to —(►21 pH for *025 per e<>n(. 
glucose. Tho deviation is, therefore, in tho sectonti <l(>cimal ]>laee 
for 6 per cent, or a lower ooneontration of gllU‘.OH(^ ami tlu'se 
results suggest tho use of the hydroqiiinhydrone clcictrodi* whcinevt'r 
the plant juicos are suspected of contiiining sugars in strong 
concentrations. 

An alcohol error is doscribe<l hy these sann* atitliors. wilb 
a deviation of similar magnitinle hut with an opposiU* sign. 
This has little importance in the investigation of i>o(.anieal fhdds 
but is certainly not negligible with many teclmi(!ul luiuids. l>i. 
lution to below 5 i)or cont. alcohol is, how<‘v<‘p, suffieient. to 
reduce this error to tho second decimal })lace. 

The relation of pH to tho pressure of (•ari)on dioxidt* in eitlier 
of these electrodes is almost linear, just as in tins cjist' of t.lje 
hydrogen electrodes. It is comparativt'ly (^asy to <*nHni*t‘, by using 
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a closed eloctrodo vessel, that the carbon dioxide content of the 
electrode fluid is kept as high as it may bo when inserted into 
the vc'sascl, but the process of expressing juice from plant cells 
eerf^aiuly disturbs the carbon dioxide balance and this error 
c^annot bo completely eliminated by using the qninhydrone tyj)o 
of electrode (op. Chap, Vll I). 

The presence of more than a trace of tannin subsi/ancos in 
ike juices under investigation introduces an error wliicli according 
to MiSLowrrzKR (1928 }>. 2()4), can be corrected by determining 
the pK of the tannin-containing fluid at various dilutions. When 
sued) a< fluid is diluted th('. j)H decreases up to a point, at say 
J : 50, and then inenvases besyond that dilution. Hinc(i the concen¬ 
tration of hydr()g(m ions in a l)uffer solutioii (‘annot be increased 
by dilution, tlu^ real pH of the. fluid is taken as th(^ lowest pH 
obtained. The difference l)otween this (pH IklO at 1 : 50 dihition) 
and t.h(^ original undilute<l solution (])H 3*80) was *70, in<li(*.atlng 
that a t»a.nnin (M‘ror of that e-xient can he eorrcc*,ted by the niotlujd 
of suecjossive dilutions, 

fn t h(‘ ('xamination of aeid ]>hint> juices by nu'aus of (‘h‘(*ij*odes 
of the-. (juiuliydroiK^ t'yi>e, it- is not^esvsary t.o (‘-onsider the ])ossiblo 
{)r(wenc<^ a,rid th<‘ (^b'set of suga.rs with ])h()splia>t(‘s, t-aniuns, and 
e-arbon dioxide. 'The gr<'at a-dvaiitag<\s of such methods lie in 
their rapidity and simplicity. 



(^HAPTKIl IV 

MICRO-HYDKO(;K]Sr ELECTRODES 

1. PIUNOIPLKH, 2. MATERIALS. 3. I^^HROHS 

1. PaiNCIPLKH 

Micro-clectrodoH have hoeii tisod in jiiany in vcHi i^ut ions l>y 
plant ])hysiologiRts c'. Bosjo, SiviALn, (Jklkan, l^iiooKS and 
Gejlfan and others (se(^ an<l (Jk’ki.hokn 192S); Ind tlu^ 

coating of a inotal point with platiuuin hla(*l< and tin* saturalinn 
of such a minute electrode with hydrogen involve^ a l<*(*lnu()n<‘ 
which has developed only roeontly. 

These micro-hydrogen electrodes ar(^ a natural d<^v<'loi)in<Mit 
from the standard types. They are deH(;ril>ed and fignrtal in sortu^ 
detail by Mislowitzer (I92S), Briefly, t.h(^ main principle^ of 
most })atterns may be described as a nMluct.ion in th(' sizc^ of that 
part of the hydrogen-C'kHdrodc^ aj)paratus vv'hicli contains th(^ 
platiinini-bhu^k ])lat.('. Me(h.KN don's blood (d(^(*t rod<'-v(’!Ss<‘l has 
a ca|[)acity of 2c(i-, and t/lu^ sann^ workcM* dcisigru^I anotluu' to b<^ 
swallowed for testing gastric, juice. I^odine and hh n K ( 1925) 
carried the reduction to 0*015 to 0‘02ec. and lioniNio (1927) to 
O’Ol cc., with a fine adjustment for t-h<'. metal point-. InoiiMANN 
(1923) while reducing the volume of li<pnd t-o a. dro]) upon a glass 
table retains a relatively large s])ace for }jydrog<m, Badsimowska 
(1924) has a somcwluit similar d('sign. Wi NTEus^rEi n (1927) 
reduces all the fluids and spac^c^s alrtiost. t-o eapillary diimmsions, 
thus eliminating the so-C‘,ailed 'dead s])aces' of tlu^ aj>i>aratns. 
Kttisoh (1925) has descrihod a variant, using (pnnliydroru^ fluids. 
Saistnie (1 924) and KolowieW (192()) deseriht^ similar ai'rang(mi<mt s. 

As api^licd to cells and tissues, all th(\s(‘ nuxh^ls i)r<»s<mt. 
manipulative difficulties and they are aj)plic‘al)le only to saj) 
or juice in vitro. Kchade, Neukthciti and IIai.pkut (1921) UK<>d 
a glass tube drawn to a fine point with an adjuHiabl<>; medal 
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olootrode within the tube. This was used for sub-cutanoous moa- 
surcments on human subjects. These workers realised the impor¬ 
tance of the oarbon dioxide factor and used hydrogen plus 6"6 % 
carbon dioxide for the saturation of the electrode. Taylob' and 
Whitakbr (1927) describe and figure an improved micro-hydrogen 
olootrode of a type essentially similar to that of Sohabxi but 
with rofinomeuts, particularly in the adjustment of the metal 
point within the sheathing quartz pipette and in the sealing 
of the joints. The ai)paratuH is designed to bo used with a micro¬ 
manipulator aiul dead spaces are reduced to a minimum. 

2. MATERIALS 

'rhcKo two mifiro-hydrogon-oloctrodoK are exj)rosHly dc^signod 
for use with living colls and tissues. Tho Scitai>b model has been 
used on human victims, while the TayIjOU-Whitakkb model 
has been used on Nitella but is designed for general tise in living 
cells an<I tissues. 


3. ERRORS 

Applied to (>hint material in the form of the large cells of 
Nitella, the last tyjw of electrode was found to show a distinct 
difforonoe in its behaviour in relation to coll sap and to jwoto- 
plasm. Tho j>H of tluj pure sa]) could bo dot<‘rmincd readily and 
with coirsistent residts so long as the small quantity of fluid which 
is drawn int.o point, of the micro])ipette did not contain any 
[>rot>o[>lasmic granult‘s. Tli<‘ presence of <‘vc*n a f(*.w such parti«!les 
had a mark<<<l c‘ffe<!t upon the pot(Mitial reeonled. So much so 
that., alt.hough the av«‘rage of all their naidings was j)ll .'>■47, 
these' authors *'ar<> inelituMl to n'gard t.he highc*r valiu* (pHthKi) 
»is (.he more rc'liabh^” — be<uiuse this was obt.ained in t.he <iase 
of one t!oll wh(*rc the cell sap was known t.o he free from i)rot.o- 
plasmic mixture. As this method involves mee.hani<ial j)enetration 
of the coll, manipulation of tho contents, and the treatment of 
these contents chemically with hydrogen, a considei’ahle degre(f 
of error might be expected; but when we find an cxi)erimental 
variation of at least 0’7 in the results obtained with all the diffi¬ 
culties of mie.romanipulation, tho writer is distinctly of the o})inion 
th»it, so far as sap is concerned, tho R. T. M. or even a droji- 
in<licator method is preferable, not only as easier to aiqily but 
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also as much more likely to give consistent and rtniHonably ac¬ 
curate results. 

The advantages of the use of this jni<To-}iy<lrog(ui (d<'<drodc 
would, thoreforo ap]:)car to be confined to meastircuncTd-s of the 
pH of protoi)lasm. But hero wo can (piote the authors in vxtrnno. 
‘"The protoplasm instantly produces a potential of h<*t.w(‘<*n 
-h '090 and + '030 volts with respect to hydrogtm z<^*ro ... It. 
is clear that these potential rc'sadings cannot- r<^ganle<l as r(^- 
prosentative of IJio concentration of hydrogen ions in the proto¬ 
plasm’’. It is concluded that these data indi<^ate thc^ oxidatioyi- 
rcduction potential of protoplasm. ‘Tn order to <)l)t.ain a pH 
measurement of the i')rotoplasm it would probably ho luxu^ssary 
first to completely overcome the buffer aedion by wliolly rcxlueing 
the protoplasm with hydrogen. Bait if tins wc^rc*-. <lone it. eouhl 
hardly be oxpocited that the value obiaiiKxJ would be that- of 
normal, living protoplasm”. 

There is thus a very large <uTor involv<‘.d in th(‘ nKuisunumud 
of protoi)Iaamio pH by moans of the hydrogen (deet.r()d<\ attri¬ 
buted to a "poising’ action by Taylok and Whitak ku, and pos¬ 
sibly to the formation of a film or membrane around the (d('(drod<‘ 
by Hbilbrxtnn (1928). The latter mentions an ant imony (decdnxh' 
(developed by Uin. an<l Kkstkankk, Koi.tiiokk, Vnics and 
VBLLiNCfTSR, SCO CnAKK 1928), and desigmxl as a micu’o-idcxdr()<l(' 
by Buytenduk and Woekdeman (1927). diiis tyjx^ has Ixxui 
applied to "'frogs’ eggs and similar objecd-s,” a.!i<l a])j>('ars to gi\’<‘ 
somewhat more reasonable results but, acH'.ording to IlEinHiuinN 
""there is no moans of knowing whether or not th<\y an** acxuirut*<^”. 
In any case this does not seem to have been ai>plie(l !<.> plant, 
material. The antimony electrode requires cudibration with buf¬ 
fered solutions and Clakk (1928 p. 427) quotes Roberts arid 
Fenwick (MS) on other points, of whicdi the sounx^. of (u'ror in 
tlic presence of dissolved oxygen and t-h(‘ a(‘C!ura(‘y of th(^ nu^thod 
provided that '"equilibrium is a])proac}i(xl from ihe alkaline 
sides”, are the most important from the ■|)oint of vi('w of plant, 
colls and tissues, whore dissolved oxygen is fre(|U(uil!y ])r(*s(‘!it 
and where the sap is usually acid. 



(CHAPTER V 

OOMPAUATOK INDICATOll METHODS 

l. PH,IN(ni>IJ^]S. 2. MATKHIAI.S. 3. ERROl^S 

'^riui variaiJonw in ific ('n<l of an aci(l-l)a.HO iit.raiion 

with rn<^t}iyl-ora.ng(^ and with R}uaiol-])ht}ialeiu as indicaiors is 
wcdl known, as is also disturbing off(H;t of froo carbon dioxide’: 
on a tit/ration of car])onaio with acid, nsing litmus as an indi¬ 
cator. These indu^ators used to bo d(‘scril)od as sliglitly disso- 
ciat.<Ml acids or basess whi<ih differed in colour from their salt-s, 
but. tln^ mores geiu^rally a,oe-e])t(^d vhnv is that an indieaitor eonsisl.s 
of isonuu'ic forms whic*.h Umd t.o assume an (‘([uilibrium (tonelition 
(i. o. of tautomeu's). One' of t.hese t-autonu^rs is dominant wlum 
<h<‘ indic^at.or is undissoedate'd a.nd th<" otla^r wheui i-iie indieaitor 
is highly <hssociat.(Ml. RcMHuit. (^xjxM'inumts (sex' bi'low unde'r li]>oid 
<‘rror) indicate i \\o j)f)ssd)k' ('xisteuu’.e of more' t.han t.wo t-automeu's 
in at. h'ast. one' indicat-or. 

ddu’! nurnlx'r a-rid varies! y of t-liese' H\ibst.an(x\s vvliicJi dndie^ates’ 
Inis b('(*n larg('ly iinnx'ase'd sin<*(' IblOand it lias Ixx-omc' important, 
t.o edioose' from a phd.hora. of indnadors those' whieli are' as litth' 
lial)l<' a.s possif)Ie' te> the' spe'C'ifie; (‘rre)rs of mdi<‘at.ors 

I. PIlINt IPLIhS 

IdH' prine'iple^s unelerlying the' applienition e)f indieait.ors 
are' fully discuisse'd by M K’H AKias ( 1 02()), Ke )i/riie)j<'F (1 b2()), 
Mrsr.owrrzicu (1928), (k.ARK (1928) and otlu'-rs. In gcne'ral e'acli 
indieaite)r is a more) eir less })ure eH)le)ur (one or e)ther tautomer 
]>re)dominating) e)ut.side) its so-eialle'el hisefur range, while within 
t.hat range the t.atite)me)rs behave) as in the) usual aedd-base eejiiili- 
bria. The relative j)ro])ortions of the) tautomers e)f elifferent co¬ 
lours give a graded series e)f tints at tlie varie)us hydrion concen¬ 
trations within the 'usefur range. Methyl rod, for example, is 
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practically pure yellow above pH 0-0 and practically pnni rc<l 
below pH 4*4, between these points the mixture of yellow ami 
red give yellowish orange, orange, pinkisli-orange, i>alo pink and 
grades of deeper ^nnk, so that by carofidly comparing the tint 
given by a solution of unknown pH with that given by the same 
concentration of indicator in a series of solutions (if known hydrion 
concentrations the pH can bo determined to tht< first decimal 
place. 

Since both quality and dept.h of tint ai*o considt'red it is 
clear that the concentration of tho indicator is imxiortant, as well 
as tho depth of tho layer of coloured fluid l.hrough wlii(*h t.he 
virago is obtained. The importance of this latt,er point, is <>m]>ha> 
sised in tho case of tho dichromatism of brom-phenol him*. 'I’lio 
indicator may api>oar blue in a thin layer and r(‘d wluui view<‘d 
throiigh a thick layer. In tho same way a solution whi<sh appc'ars 
blue in daylight may aiqiear red in electric light.*). 

Tho normal procedure is to set up a Boric's of solutions of 
definite pH, strongly buffered so that, the pH is not r(*adily 
affected, and to use those sohitions as standanls for eoinparison 
with similar volumes of unknown fluids to which have been mlch'd 
tho same, quantity of indicator as was addt*d to tht* standards. 
Tho standard solutions and t.he fluids under invc'stigation vnmt 
be 'plotccd in containers of exactly the aayne. kind so l.hat. tin* sanu' 
thickness of fluid is viewt'd in eae.h ease*. 

Tho normal comparator method involves th<* u.s(‘ of standard 
test-tubes, in each of which from .'ice. to 2()cc. of fluid is ]>lac(‘d. 
In order to ensure the viewing of the same (hqit.h of fhud, tin* 
tubes are jdacod in some kind of a frame (called a comparator) 
so that tho virage is obtained through a uniform i>art of th<‘ t.ube. 
There are at least throe openings; in the* centre' one is ]>lac<*d tin* 
fluid to be determined, and then the tint given by that, fluid pins 
a definite number of dro])s of tho indicator is com])ar(‘d on <'i(h<‘r 
side with the standard tints. 

Olark (lt)2H p. 120) suggests the xiossible use of uniform 
long homeopathic vials; tho same author also givt's il v('ry usc'ful 
colour chart which for rough work may be subst.it ut.<‘d for the 
fluid colour standards. Flat-sided ‘sjwotrum’ bot.t.les an* ac<mrate 


1) See Cl.vhk 1028 pp. Ittl—U54. 
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and UHofiil for Htnall quantitipH of fhiid. ThoHo have boon used by 
Martin (1027) and othors. 

Tn tuldit/ion to tlioHO mothodH of oornpariHon, various other 
motliods liavo boon uho<1 by moans of which tho proi>aratiou of 
bufforod Holutions of accurately known i>H is avoided. Tho 
chk'f of those is known as OiiAiHHPiH’s <lrop-ratio method. In 
this case tho fiilly transformer! indicators are used in two tubes, 
one containing tho alkaline form an<l tho other tho acid form. 
Th(» dissociation tsurvo of tho indicator is utilised for tho tiotor- 
niination «)f how many <lrops of iiulioator shmdd bo added to each 
tulm in ord<»r t.o obtain a combination of tho colours in tho proper 
proportions for a definite 1)11 vahio; the combined virago being 
obtained by vi<'wing tho two tubes together in a <louble compa¬ 
rator. This method with various rcfinemont.s is fully deheribe<l 
by (IijARK (11 )2H). A similar motho<I bos boon devised by Mi- 
ciiAKi.iK (s<ie ('i.AitK 7>. 127) using indicators which Inive a co- 
loim*.d an<l a colourless form like phcnol-phthah'in, e. g. the nitro- 
phenol s<‘ri<‘s. 

Two-<'olour indicators, fully transformed into alkaline and 
acid forms, have also Ix'eii us*'<l in t.lu‘ form of double colour- 
wedges whitdi when calibrated have Immmi ejuite as a<i(tiirate as 
( 1 ii.I.khpik’s <lrop-ralio inctlnxl. Tlu'sc (tolour w<*dg(‘s were used 
by B.JKUKUM (11)14), Baunktt (11)21), Myjflits (11)22), Koi.TUorK 
(11)24), Vi.fjs (cited by liKiss 11)2(5), MoOkak (11)2(5), Wjikkry 
(<!it<'id by (liiARK p. 170) and others. 'rin(omet.(TgljisHes (Sondkn 
11 )21) have also been Jisc'd, as hav<‘ <!olour<wl inorganic solutions, 
(Kot.tiiokk 11)22). 

All 11h“s<* im‘(ho<ls arc alik«* in that tli('y involv<‘ lli<‘ com- 
])arison of tin* virag<* of a <*omjnirativc'ly lanjc. ({imutity of c'xpc'ri- 
numtal fluid with that of a standard. 

2. MATKIIIALS 

These comparat'Or nu^thods have been usefi on much t.ho same 
materials as an* iiiv<«tigat<“d by means of t.lie hydrogcn-(‘lee.t.rod<*. 
In so far as ])lant. ctdls aind tissiuw arc concerned, the hirge (puuitity 
of fluid r<uiuir<‘d confiiu's the use of those methods to plant 
juices obtained by [aressure or other means and to other fluids, 
such as the sap from the woo<l, which can be ohtaiiuxl in relatively 
Itxrgc volume. 
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3. ERRORS 

Tho oTTors inhoront in tho preparation of Hiush largo volninoH 
of sap material have boon indicatotl already tin<lor ‘MatorialH* in 
Chapter II, Thoro are tho same diffioultioH in pr<^)ari«g a HaTnx>l(' 
for comparator doterniinationB an for investigation by tho hydrogen 
elooirodc. 

On tho other hand, th<» Hpe<ufio <<rroi*H of (.h<% hydrog<‘ii-olo<<- 
trodo, i. o. tho reduction error, elecl.rodo X)oiHonitig, oxygc'ii <'rror, 
carbon-dioxi<le-dilution error, and errom involved in the pre¬ 
paration of tlio eleotro<loK and tho Jiydrogen, all thoHO eli¬ 
minated by the use of indicatorB, aB are also the phoHX)hati<'-HUgar 
and tannin errors of tho quinhydrono ole«trod(». 

Tho errors inhoront in tho iiho of comparator indi(;ator 
methods may be grouped thus: — 

(a) self-colour of thcj Holutions, 

(b) very dilute or unbuffered solutionH, 

(c) salt error, 

(d) protein error, 

(e) temperature error, 

(f) other errors. 

Some of these arc discussed by CijARK (1928, (Utap, \'IM) 
who gives oonvoniont tables for refenuKU', 'Phe. following ac<u>iint' 
is, however, based mainly on Koi/I’iiokk’s nionogra])h on imli- 
cators (1920), also Kwiss(1920) aiul Pkkikfkk (1927). 

(a) Self-colour of the SolutionH. — This (UTor may be <iorr<'<ilt>d 
either by Sobbnskn’s method of colouring the standanl biiff(>r 
solutions to match tho Rolution under investigation (so<^ (h^AUK, 
1928, p, 171), or by using a six-hole double comparater with a 
tube of tho self-coloured fluid behind each of t.he t.wo t.ub<*H of 
standard buffer-fluid plus indicator and a tube of ]>lain wat4‘r 
behind the tube of self-coloured fluid phm indicaitor {ifn'tf). 

(b) Very dilute solutionH. — With an a«!«l indi(uitor having 
a dissociation coiiHtant of 1()~” in the usual conccuit ration of about- 
10 “® molar, neutral water apfu'ct-rs to have a pll of tbK.'x inst-t'ud 
of 7‘00, an error of O'Jfl, JVIost of the indicators commonly use<l 
have a dissociation constant of less than 10 " and would giv<t 
an error muoh smaller than 0'15, Most of tho solutions dealt 
with in plants have a concentration considerably gr(‘atii‘r t-han 
10 “®, and this would normally reduce tho error to the soeotul 
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(looimal place and render it negligible. Methyl orange,phenol 
phtlialoin, however, may give much larger errors; the latter* for 
example, may indicate a pH 8*7 in a solution of pH 10, when 0*1 oc. 
1% i>hon<)l phthalein is added to lOcc. of 0*0001N NaOH. The 
methyl orange error in very dilute acid solutions is.oonsiderably 
smallc^r than this if the indicator bo used in the normal dilution. 

(<0 The mU error. — With oonoontrations below 1*0 N of 
neutral salts such as KCl and NaCl this error is at most 0*06 pH 
for tro}>a<^olin 00 and thymol blue; 0*08 pH for methyl orange 
and mc^thyl yellow; rising to — 0*35 pH for 0*5N KCl, with a 
larger error at very small salt concentrations, for bromo-phonol 
l>luc» wliioh is tluircforc not suitable for very dilute solutions; 
—0*55 pH for p-nitrophenol, another ‘very suitable’ indicator; 
—-O.li) i)H for jdienol rod and -}-0*12])H for neutral rod. These 
errors become significant in dealing with sea-wflior. Koltuofi^* 
recommends amongst others for use with very dilute solutions 
of electrolytes the following indicators — eresol rod, neutral 
red, B/r.B., B.C.P., M.R», and methyl orange. The 'salt error’ 
of these at low electrolyte content is small. 

(d) Tim protein error. — On account of the ainpliolytics nature 
of ])roteins, Si)iiKNSMN and others have shown that most azo- 
dy<‘.s and congo-r("<l should he compleii^ly avoided in pH nieasure- 
nuMitiS of pr(>i(un-<;oiitaining inc^dia. The ])rotein cTror of methyl 
hmI in a inixt.ure of 2 jx^r e.ent. (jgg albumin and Htil may be as 
iniic.h as 0*26 pit at ]>H5*53; thus cUect-romeirically it may ho 
pH 5*53 <!oIorim(5tri<tally pH 5*27 is JiHlitJaic^d. Wli(U*e only 

the de<'.omposit.ion ])nKlu<*ts of proteins an^ pr(\s(uiit- and no und<‘- 
eoinpoHcxI ])n)t(Mn, th<‘ <irror with methyl r(‘<l is c.onfiiuxl to th(^ 
s<xx)nd d('(rimal plae<‘, hut. hy<lroIysed st^rum may give a nudhyl 
rtxl jH’oteiu <*rror of pH 1*1 gr<*aUT hy the (‘.olorimet.ric nu^ihod. 
KrJGLSs(1626 p. (H) found that gelatin fragnuuits in an a(]iux>uH 
medium gave ])n indic^ations with various indicators which 
<liff<*red by i \2 O'f) t<) i 1*0 from that of the flui<l around t.hc‘ 
f)iir(i<^l(^s, and tcniativ'<dy compands this with the ])rot<»plaHm 
and ih(* <^ell sap. (hjARK(I92S ]>. 1S5—ISti) (|uotes tablets of 
protein errors hy Coiumn and others. 

(ci) The tetnperaiure error. — The dissociation constants of 
indicators, like thos(^ of oHier <^Iectrolytos, vary wit.h tlie tc!in]M'i- 
rature hut the change is very slight at ordinary room iemperaturo 
variation in temperate regions. For cxamijlo, for the change 
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between 18® and 70® KoiiTiroFK given vahien around 0-2 to 0‘7 
for the usual indicators and tlie tcmj[Hiratiir<‘ tuK^fficiont. f<»r tin* 
change in phenol phthaloin is given as 0-01 jwr <legree, t ln^ <sor- 
reotion being subtracted for the teinporaturtw above 18®<!, 

(f) Other errors. So far as coinjMirator methods arc* eoncsc'rned 
these are mainly duo to li|>oid action and csheinicntl (change's. 
The action of lipoids. — Rhihs and PFMiifKBR cito KAUiiii-KKKMiKT 
for the statement that indicators in lipoid solution take tlie colour 
of the undisHooiatod form. Thccre arcj, howevc'r, several inlccr- 
osting and easily conducted exi>erinKmts, which ctan l>e done* 
with methyl red, diethyl rod, dilute acid or dilute* alkali and 
various oily substances. Tho combination of iudicat.or and dilute* 
acid or alkali^) is shaken up with tho oily li<iuid in a tt*st-tube 
and set aside until separation has tak(*u place. With cUm‘ oil, 
consisting mainly of tho liquid }>henol eiigenol, the oily layc'r 
takes up tho indicator in tho red or yelltm fortn acHiording to 
the reaction of tho acpiouus liquid. With liquid jHmtffin a yellow 
form is taken up from tho rod aqueous tuud licjuid and no colour 
at all from the yellow oquoous alkaline liquid, thus sugg<*sting 
the existence of two yellow forms of DKR, one soluhh* and th<* 
other insoluble in liquid paraffin^). Tho th(*or(*t.ie.ul asp<*ets of 
this phenomenon arc interesting in relation to t-lu* theori<*H of 
indicators. 

With olive oil, free oleus acid®) and castor oil, t.ru<* lij>oids, 
the neutral orange tint octmrs in the oily lay(*r above tin* (U(u<*ous 
liquid whether tho lattt*.r ho red or yc'llow. Rki.ss (1!)2(>) found 
that particles of mastic behavwl in the same way as do th<*. triu* 
lipoids, taking the neutral form always. The. p^esen(!l^ of a ‘n<*ul.rar 
tint with DURandMR is, therefore, not to be taken as n4*(u*Hsarily 
an indication of true neutrality with lii>oids. With an oily suh- 
stanoo like liquid paraffin tho virago may or may not he tnu*, 
while with an oily substance like clove oil th(» virag(‘ d('i>ends 


1) Or Bli^htly alkaline tap waU'r in the (sase of (uudor or olive oil, 
in order to avoid saponification. 

2) The acid forms of mothyl rod and diethyl red which ar<> rvd in 
aqueous solutions may, however, bo yellow when in solution in liquid 
paraffin. 

3) This and other fatty acids arc yielding very interesting riwults 
in a systematic investigation now in progress. 
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upon the pH of the circumambient fluid. With liquid paraffin 
and phenol phthalein the red form is not taken up by the paraffin. 
With brom-cresol green the blue form is not taken up by castor 
oil but the yellow form with an acid aqueous layer shows in the 
oily fluid. 

Chemical change of the indicators, — Reduction, producing 
considerable changes in the indicators, interferes with many 
dyes particularly Nile blue and cresyl blue, but the usually 
scloctod indicator dyes are not affected to any inconvenient extent 
by this error. 

Considering all thcise errors in relation to plant fluids — 

(a.) We may (‘.orreci the ‘self-colour’ error by the double 
comi)arator method or avoid it by the use of capillator methods 
(h'tscribed in the next chapter. 

(b) We may neglect the ‘dilute solution error’ if the methyl 
orange and phenol phthalein ty 2 )es of indicator bo avoided. 

(c) With the usually selected indicators the ‘salt error’ amounts 
to aboiit zh O’l in the j)H and that is the general limit of accuracy 
in determinations of the i)H of plant juices by means of indicators. 

(d) Tlie ‘i)rotcin erroi*’ varies considerably with the material 
used, but for plant j\iicos wlierc the protein content is relatively 
small the correctioJi is usually of the same magnitude as the 
salt error <)r smaller. As the protein correction is more usually 
of a + sign and the salt correction more usually a minus sign these 
two errors may well cancel ea<di other in the common jilaui juices. 

(e) The 'tcm[)eraiure (‘rror’ may become of importance in 

ilui trof)i(\s but with our usual variations of 15^^ (_< to 25^’(- in 
room tcm[)<u'at ur(‘s, it s(d(lom reaxdu'S first ])la(‘(‘ of (U^(*imals 

and may couveriicmtly Ix' ru^glected <^\o(q)t during a regally hoi 
summer. 

(f) 'flu'- ‘errors’ in tins grouj) nxjuin^ not so muesli corrix tioii 
vvhi(‘h is difficuilt to apply, as (.‘areful attention to <letail in th<^ 
interj)r(itat ion of tlic results obtaiiKai. 



CHAPTER VI 

CAPILLATOR INDICATOR METHODS 

]. l>RrN(!rPLES. 2. MATERIALS. ERRORS 

The necessity for a coini)aratively large volume of fluid 
for a pH determination by the various comparator imdliods and 
the frequenoy with which otdy a small volume of siKih fluid is 
available have led to the adoption of various alti^rnativt^ iiud.hods, 
amongst which the capillator method stands out as most gtmerally 
useful and reliable. 


1. PUINCIPJLES 

Capillary tubes were used by Tuwin (1925) for comparison 
of dye concentratious. Waltubb and Ubriou ( 192(>) used <‘apil- 
lary tubes 5—7 mm. long in which buffcu-ecl imiieator fluids 
wore compared witli the fluid of unknown i)H plus indiealor. 
These capillary tubes were then view(‘d along tluur length in 
order to got dej)th of colour for comparison. Ci.AitK (192S p. 1.‘19) 
quotes Nkbuiiam (without reference.) and RaI’KJNB (eit(‘d 
sonal communication’) as using capillary tubes. 'I'Ik^ B.D.H. 
capillator has, however, been readily obtainable sin(!<' 1925 from 
the British X)rug Houses Ltd., and has been used in this <1('- 
partment for several years with increasing satisfaction in tli(> 
results obtained. This method is, according to 'Fiistino Cockino 
(1926) due to H. A. Ellis, Capillator Patent No. 225 158 (192-1). 

The capillator outfit (fig. 2) consists of a of cnrefully 
gauged alkali-free gla.ss capillary tubes to each of which an ap¬ 
propriately small size of rubber bulb can be. attac^ual for taking 
in or ejecting the fluids, (2) a scries of indicator solut.ions made; 
slightly stronger than usual, (3) a series of “ca])illat.or cards” 
consisting of buffered indicator solutions sealed in capillary tulx's, 
mounted in sets of three tubes for each step of 0-2 in pll throughout 
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the ranges for each indicator. The sets of capillary tubes arc 
mounted on whito cards with a slit for comparisons by transmitted 
light, in addition to those by light refloctod from the white card, 
dapillator sorios from pH 4 to pH 11 arc available. 

A very small quantity (one drop) is drawn into the micro- 
pi petite (cai)illary tube ])lus rubber bulb), so that the tube is 
filled t.<rihe single graduation. This fluid is tratisferred to a very 
small watch-glass provided for the pur})oso.. Without rinsing the 
nn(iro-])ii)eUe is filled again to the mark witli the fluid under 



2. R. I). 11. ('apilhUor (’a.sc 

investigaiio!!, and this fluid is mixed in t.h(' watch-glass with th(‘ 
indicator. l^h<^ mix<Ml li(|ui<i is tlu^n draw'ii into tlu^ ini(‘ro-|>i]>(dt 
a.n<l compared with tlie Oapillator standards. pll can tluMi 

he plaeod at one or between two (»f the triple sets of standanl 
tints. In this way the pH of a fluid is easily determiiK^d, with 
reasonable ac^curacy to a single unit in the first decimal plae(\ 
The priiuiiple of this B.D.H. eapillator method is funda- 
nuuitally tlie same as tliat of the CH)mj)arat<)r with important- 
modifications in the (piantity of fluid ro((uiro(l an<l in the great(-r 
(^oiusent.ration of indicator which makes c()mj)ariHon miudi (easier 
than in Walthbr and UnRKUx’s metliod. The use of thrc<i tubes 
I’rut<a>l*uiuu-Monographion II: Small 3 
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for each tint renders any change in tlio sttuidard <)l>vionH at oncse, 
since all throe tubes seldom or never change at liie Home H|K*ed. 

3. MATERIALS 

The cai»illntor method is <if geiutral ai)i)lieahility and, with 
hufforwl fluids, can be used for any investigation in wliieli the 
Hiandar<l comparator inetlxxl is applicable; it luis a nurnh<*r of 
advantages over that method. It is simple, eonveni<‘nt and rapid, 
an<l might well replace (jiix^seija’s ni(‘th<Kl with its various 
modifications where the task of making up biiff(*re<l in<li<'utor 
standards is avoided for one reason or another. 

For titrations wliere a series of ])oints are rt‘<|uii*(*d, as in t.h<' 
dotcrmitiation of titration eurvew for buffer iiuh'xes, tlui capillut.or 
is very serviceable, since the small <|uantity witlnlrawn, mixisl, 
compared and returned to the hidk interferes wil-h tlu* titration 
curve to a negligible extent Civen in such slightly buffered flui<lH 
as Sunflower sap. The <£uiiihytlrone electrode if availahk*, is 
even more oonvenUnit since the titration can be <!arri(><l out. acstu- 
ally in the olectro(k» vessel, and the niinuTous ])oints obtained 
give a smoother curve. 

Another advantage of the cai>illator met.hc«l is that it. eatu 
he used freely with self-oolourwi fluids, ])rovi(lecl that. t.h(» colouring 
is not too dense. The usual tints disappc'ar almost, (uitindy wluui 
the fluids are viewed through a lay(^r tin* d<‘j)l.h of whh-h is the 
inner diamet<»r of a capillary tubt*. 

l^till anotlxu’ advantage of this nudliod is (lie .Minall ipinnt ity 
of fluid required for each det.('rinina(.ion. in (healing with plant 
fluids which are difficult. l.o obtain in (piant.it.y, (‘. g. sap from 
specific tissues or from indivulual seedlings, this <iapillat.or nudlnsl 
makes possible jiH. determinations which could not. he ohlainisl 
by comparator in(d.hodH. 


3. ERRORS 

The cajiillator method is liable to all the sp<‘eifi<‘ <‘rrors of 
indicators as given in Clhajiter V'. As alri'ady Htnt<*d l.h<‘ self- 
colour error is to a very large extcMit avoidixl. More caution, 
however, is necessary when dealing witii very dilu(<‘ solutions. 

(a) Very dilvlp. aolvtioti-e. — I'his iiossilikt (*rror wliieh is ilis- 
cussed in tlie ijrovious chaptc*r becomes morci important when 
equal volumes of fluid and of indicator arc nse<l. 'Pin' rclatividy 
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small volume of indicator solution in the comparator methods 
becomes a relatively large volume in the capillator methods, 
so tliat with very slightly buffered solutions the indicator solution 
may buffer to such an extent that the virago does not change 
when a mixture is made with an equal volume of the fluid under 
investigation. 

(b) The alcohol error, — As the rcid (acid) forms of methyl 
red and diethyl red arc stable only in alcoliolic solutions this 
requires special attention. These indicators arc usually su]>})lied, 
if in solution, in an al(*.oholic medium. Unfortunately th(^ alcohol 
errors of lliesc^ two indic'ators have not yt'it been determined but 
tlic*! magnitude of the eorreetion to he applied to these colorimetric* 
(h^terminations in alcoholic media of 10 to 20 j>er cent, strength 
may be judge^.d from tlu^ following (U)rrections given by Routhokf 
([). JH4); — thymol bluc^ in 20% -\- 0-02; H.P.B. in 10% 0-23; 

methyl orange in 10% —0*10, in 20% —0*20. With the c*.<)in- 
parator methods the alcoholic iiulicator is so diluted that this 
c'rror is negligible, cxccq>t with industrial alcoholic* fluids sucdi as 
wines; but with thc^ caj)illat()r jnethod thc^ in(lic*at()r fluid is di- 
lut(Ml with oidy an C({ual volume* of jujueous fluid so that this 
(*rror rnaj/ amount- to 0*1 or 0*2 with th(^ m(*thyl rc*d type* of 
in(lie*at(^r. 

(Uearly it d(*[)cmds upon the* mat-<*rial us(*d as to vv}u*th<*r 
the advantage's of the capillator method outw(*igli the* inere*ase*el 
liability to the* errors witli unbiiffei*<*<l or alcoliolie fluids. 



CHAPTER. VIT 

SFKCfAI. INDICATOR METHODS 

L l>RIN(tlI>LES. 2. ERRORS 

1. PRINOIPLES 

The standard buffer solutions with knowti c-oiuunitrat ions 
of indicators viewed through the same thickness of lay(u* hav<5 
been replaced in some cases by the colounMl (diart givcni by 
Clakk (1922), in others by tintonuder glasses (SoNOjfiN 1921), 
in others by colorimeters of various kinds, e. g. Koher (Duchuor 

% 



Pig. 3. Mi^tliyl Rod <*<)l<>ur wenigo ari<l disHcx ioii curvo. 

and Dotxse) and Dubosoq (Atkins), and in ot.luu's by oolounMl 
inorganic solutions (IvouTiroKF 1922). 

Double wedges have been used }>y a nunilxu* of inv(‘stigat.ors, 
as mentioned in Chapter V, and this luetliod luis Ixmui ada.pt.(‘<l t<> 
microscopic investigation by Vnics (1926). (S(hmiIs() Pfeikker 1927). 
The principle is illustrated in fig. 3. 






SrEOlAL INDICATOR METHODS 


37 


Kolthoff and othorw have worked on indicator papers like 
litinuH paper, but the use of these is limited to certain indicators 
and mainly to solutions whore the buffering is strong enough 
to overcome the buffering effects of the paper used. Kolthoff 
(1026 p. 230) gives a list of indicator papers of practical usefulness 
for approximate measurements, together with their sensitiveness 
to HCl and NaOH. Lacmoicl paper, which was tested by Hhmpbl 
(1917) and used by Haas (1919), is rejected by Kolthoff booauso 
*^tho colour change was not sharp enough*’. 

According to (Jlauk (1928) the indicator paper is either sized 
and exerts a strong buffer action or it is unsized and exerts a 
capillary effect giving “rings of different composition”. These 
rings are easily domonstratod by dropping indicator solutions on 
to filter paper. 

In dealing witli plant colls and tissues where the buffering 
is often not really strong, the use of indicator papers is, therefore, 
not to be rocommondod. 

Quite a number of other methods have boon used by bio¬ 
logists, such as silk throa<ls coloured with indicator solution 
(Rfbiculo 1922); drops of in<lioaior applied directly to th(3 surface 
(GuXkf 1924); the*! same allowed to dry (MwMMKsnKiMEii 1924); 
sections or colls immersed in indicator solutions and coinpar(‘d 
with tints vitro Dictiik 1914—22; Hurwitz 1915; IIoiidk 1917, 
1920; Barnmtt and Cuafman 1918; Atkins 1922; Lewis and 
Fei.ton 1922; Fears Ann 1923; BAniNT 1924; Soiia dig 1924; Mk- 
VJrrs 1924; (JrcJKnnoKN and Keiaugk 1925; Ffktffku (N. F.) 1925; 
IvCtstigr I92()—27; SiVTCTir 1926 and otluTS. Kaoiiakowa ( 1925) 
us('<l sections irnnuTsed ir\ vcTy dilutc’i in(lii*-ator sobitious and 
eoinparc-d the tints with those' givc'u by |)hosphat.e inixtun'S in 
capillary t.nlx'S 6 erns by 1 nun, using an AuniG pn>j<'et.ion api)a- 
ratus for bringing the two virages into jnxta-pcjsition. Fkigiffejc 
(Z. M. 1925) use<l the section irnnK'srsion method with a inodifi- 
<^ation of (IxnnESi^iK’s method of eoin})aring tlie tints of imlieators 
in the abst'nct'. of standard buffer solutions. 

A valual)l(^ nu'thod of restricted applic^ation consists of the 
tiso of natural indicators as they occur in the cells of flowers 
and otlior parts of the plant. This was first used by Souwahz (1892) 
and later by Willstattbb (1914), Haas (1916), Crozier (1919), 
Atkins (1922), Smith (1923), Brooks (1926) etc. These natural 
indicators have boon used in vitro^ o. g. litmus; blueberry juice 
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(Watson 11 ) 13 ); ml oal>l)a#;o (Wakhum 11)13 an<l M('(U<kn- 
DON 1914 ). 

Tndioatoi’M havo hewn ininslutiwl into tho nniiual o»‘ll - • 
(1) ill solution l)y careful ruptairc (mic.r<>-«l^cn«<cnu“nt) of the m<*m- 
brano (VLfes 1924); (2) in solul granules (Kcuimidtmann 11)24- • 29); 
and (3) in solution by micro-injootion (Kitjo, (htAMitifits, Pk- 
TJBK.BT and Nkhdham, cito<l by ]lnis.s 192(5; and ot.hers, Pkbik- 
TMR 1927 j>. 447) but such incihods hav<^ not yet b<'<*n appIicHl 
to plants. The ini<sr<»-injt'e.tion method may be of oonsidiTiible 
value ju'ovided the teehni<iHo and interprelation <»f the wsults 
follow those of the llango Indicator Method descuThed in l.h<* nexl. 
chapter. 

Other mioro-mothods include that given by Waon Kit (11)1(5) 
who compared drops of plant juice plus indictat^u* (lakmosol) 
with drops of buffer solution plus indicator, tho plant. jui<‘e being 
extracted by means of a fine glass pijietto. He claimed an a<i- 
ouraoy of •029 for his pH figures but it will be obvious (hat tin* 
inherent oxperimonttil error in all iiulicator nn'tliods appli<^<l to 
colls and tissues is more than this. Even for expri^ssed juiiit's th<* 
‘dilute solution’ and ‘alcohol* errors may b(» both of gr<‘ater tnugni- 
tudo than ‘025. PjaLTON (1921) ileveloped this method of dealing 
with small quantities of fluul, using white ‘opal’ glass as a “spot- 
plate” and direct vision for comparison (cp. Saoiiarowa’s i'ajnl- 
lary tube method). A similar method was used by linowN (1923) 
in which tho spot-plate had depressions for holding the ini\<'<l 
fluids. This apparatus is available from the LaMotthCo. 
(citod by Cjlark). The drop method or some ol.her niodifit'd 
ittioro-mothod for small ((uantities of sap has been uswl by (hio- 
zib!r(1919), Atkins (1922), Sacharo-wa (1929), Brook.s’(I92<5), 
Mkvius (1926), Doylb and (Jlinoii (192(5, 192K). Other inv<*sti- 
gators along similar lines inehulo MtoiTAHi.is and Kkammztyk 
(I9J4), Skraup (1916), HBiweMU (1917), (Ix.kvknuku (1919), Maas 
( 1920), rioNOATX and QuAOLXAiuKnT.o (1921) and (huM.AUMi.N 
(1922—23). 

Some of these hiologioal special mot.hods are so liahh* to 
gross errors that no more need bo sahl of them; but. t.he mi<To- 
eolorimotor, used in tho micruHeox>e as suggt^stod by ( 192 ( 5 ), 

and tho observation, of tho absorption s^ioctrum using two elia- 
raoteristic bands of tho two forms of tho indicator, t.his inicro- 
spectrophotomotxio method might avoid many of those errors. 
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AttomptH to ai)i)ly thin method to plant tinHucti have, however, 
not prove<l very Hucooasful. The absorption spectrum of a oolourort 
living coll with a cellulose wall is not easy to compare with that 
of a flui<l in a bottle. The technique may bo capable of further 
flovelopment. 

The natural indioator method is one of the most useful 
ways of investigating changes in acidity under conditions which 
are either eomplotely natiural or as nearly natural as is at present 
attainable. Sokwabz (1892) correlated in vitro the gradual 
change from rod to blue during the anthosis of flowers of Pul- 
mo-ruiria, Ancihitsa and iMthyrus with a docroase of acidity and 
its effect xipon tlic anthocyan indicators of these flowers. WxIjL- 
htXttkr (1914) noted that the same anthocyan indicator gives 
tihc! red of the rose ])otal at pH 6"5 and the blue of the cornflower 
<iorolla at ])H 7’2. He further found that in buffered solutions 
l.ho i*oso goes blue at pH 7-2 and the oornflowcr goes red at pH /j‘5. 
Haas (1916) investigated the anthocyan indicators of a number 
of x>lants and by moans of these observations obtained quite 
natural values for the hydrion concentration of the cell saji (see 
(Jhaptcr XVII). Smith (1923), Thomas (verb.) and others have 
us<‘(l l.hes<^ flower indicators in n'searches upon the behaviour 
of plant (!<‘lls under exf>erirtu‘iital coiwlitioiis. 

'Phe section-immersion metluxl «is used by Roiidk, Atkins 
an<l others is <!onsidere(I in the introduction to the following 
chapter but in spite of tlie errors indicfated there, this method 
<!ompar(*.s favourably with most of the biological special methods. 

The centrifugal infiltration nn'i'liod (Z.I.M.), <U'vised by 
WiflHKit (1927) is siinph' in operai^ioii and avoi<ls tin* ‘shoek- 
<'ff<sd.s’ of s<‘< liion nu'tliods. In this ease the whok' leaf, or other 
orga.n, is phus'd in tim test-tula' of a eentrifuge and e.()mplet.<*ly 
imni(M*s<'d in t<h<% indie.a1>or fluid to he iistal. Itot-at.ion at‘ 1760 1<o 
2600 r(ws. p(^r min. is followed by a p<Mi<‘t raitiou of t he vitsil 
stains or indicators. In addition to WKBiflii, S<!ABTn (1927 ]>. .602) 
and (jHJKLiloitN (1927 |). 7) lniv<' used this method with itderesting 
results. (hoKMioHN (Kkllkk juhI ClKiKnuoitN I92S, p. 1237) Inis 
ilcvised a modification (V.I.M.) in which evueiiation, by means 
of a vacuum j)ump, of a eluunbor containing the idant organ 
immersed in the staining fluiil, takes the place of the eentrifuge 
in the Z.I.M. Ktssbr (1928) discusses those methods but gives no 
X)H data. The microscopic examination of the guanl-oells of whole 
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leaves iH oompurativoly vmy hiil. thew* infiltrat ion nu'thotis an* 
limited in their applutatioii by tin* diffitmltioM of (‘xatniiiinj,; th(» 
tissuoH of most jdant organs in the* whole (soiulit ion. Tin* <'om- 
ideto displacement of the intereellnlar carbon <Iioxi<Ui may in- 
trodnoe a consnh^rablo error i>y (lisiurbing the earl)on dioxide 
balance of the tissiioH. But the (errors of int(*rprelation as in- 
(lioattid for other methods in the following ehai>ter are likely to 
bo greater than this <tarijon dioxide error. 

2 . MKROKS 

Most of those iniero-metluKls are liable to tlm sp(‘eifie errors 
of indicators and also the errors noted for tlu' eapillator m<*t.h<Hl, 
©. g. dilute solution error or coiuiont.ration of iiidi<’at>or <*m>r, 
alcohol error with other than aqiu^ous solutions. 'Flie <*rror of 
using methyl ro<l and <iiothyl red in the stabk* alkaline water- 
soluble form, especially with r<*.latively iinbiiff<*red sap, should 
bo quite clear and tho avoidance of the nhiohol (uror is a mat.ter 
of very careful technique (see next ehrt]it»*r). 

When dealing with colls and tissiu^s tlicro may In* other 
sources of error such as. — 

Self-colour of the Celle. — Where the (tells of a plant tissue 
already ooutain a ingment, indicator measurenntnts (tan lx* ap¬ 
plied by adding the same jiigment in similar (ton(*entratioii to tint 
buffered indicator solutions used for (toinparison, or by using 
colour filters of tho same tint as that of tiut cells uiuh'r cousid<'ra- 
tion, when viewing the buffered indictator solutions. In (*itb('r 
case tho present writer considers that the addition of indicator 
solution to a cell whioh already contains a pignu'iit is apt to give* 
a colour whioh may bo dcscribod as aleatory, Hecords of pll 
obtained by moans of indicators for colls (tontaining anthocyun 
pigments can bo viewed only with reserve. 

Oonce7itration of the Indicator. — Tint eone(*ntTation of tlu* 
indieator naturally controls the intensity of tin* I hit and may 
even control tho colour in a dichromatic fluid. 'I’lu^ conc(*nti'a1i<>n 
of tho indicator must also ho very low in comparison with the 
concentration of hydrogen ions; with ooinj)arai.iv<*Iy strong 
solutions, tho indicator itself acts as a buffer Ix'having like tlu' 
salt of a wesik acid and, therefore, not changing its virago to 
correspond with the real pH. 



SPECIAL INDICATOR METHODS 


41 


LocalisaMon of the Indicator, — 'I'lio indicator may 1)0 taken 
nj) by one part of the cell and not by other j')arts. Caro is required 
in tlK’i attribution of the recorded pH to sap or to ]>rotoplast 
or to wall. Plasmolysis forms a useful method for checking this 
localisation in some materials. Adsorption by non-aqueous par¬ 
ticles may interfere but this ax>pears to be a rare case, as most 
of the intracellular granules which fix the colour are permeated 
with water. The indicator is then in aqueous solution, and be¬ 
haves normally. Fine particles of mastic in a solution of sodium 
chloride may show yellow with bromo-thymol blue, while the 
circumambient fluid remains blue as stated by Reiss (1926 j). 63). 
(vlovo oil, liowover, takes up methyl red and diethyl red in cither 
tlu' red or the yellow form according to the ac'idity or alkalinity 
of thci aqueous fluid with which the oil is shaken. 

The dielectric coUrHlavt of the protoplasm. — This, as indicated 
by (UoKUTiORisr (1926) and Pfeipeer (1927) (cf. Keeeek 1928), is 
important in dealing with the few records available for the pH of 
cytoidasm itself; but tlu^ dioleeiric constant would not appear 
to be a serious source of error in <lcaling with sa^) or expressed 
juic<\s. 

(Uivniical change of the Indicalor. -— Reduction, the most- 
likely source of an error of this kind, does not interfere witli the 
usual induuit-ors to iiny considcu’able e\it‘nt. 

Solubility of the indicators. — This fa(d.or (‘nt(‘rs in oiu^ or 
otluir form into sciveral of th<‘. otluu* c'rrors; but one aspc'cd. rc^cpiirc's 
sp(Hiial imuition. acid (red) forms of nudliyl r(^d and dudhyl 

r(‘d ei*vstallis(‘ rajudly' fi'oin a.<pK^ous solui-ions, so tliat wluui t li(‘sc 
indK'ai ors ai’<^ us < m 1 on v<‘rv a.cid rnatcM ial, <'. g, sca t ions of Pdetr^ 
gontani, th(‘ red form of lli(‘ indicator t(‘nds to (uystaIIis(^ out^ 
aft(‘r the: indicator lias j>ciieli*at<al to tlic^ V(m-v acid sa]). 

When all tli(‘S(' [lussiblc sourta^s of (uror jua^ (a)nsi(Uaaal it 
b(aa)rn(\s chair’, fir’stl^\% that a nud-hod which avoids as many of 
tluan a-s jrossibk^ is vc’ry desirable, an<l staaindly t hat, both icadini- 
qu(^ and the int(U’pretation of observations should Ix^ tlu^ subjects 
of careful criticism. 
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kkkk(;ts of kthyl ai/johol on plant tissufs. r>. oik 

KUHION" OF ELKOTROLYTKS. «. BKHAVIOUR of INDICATORS. 
7. vSPKOIAL TRECJAUTIONS. 8. R.I.M. AND OTIIKK MKTEIODS. 

». R.I.M. KRRORS 

1. (iKNERAL 

When the fiictH givcui in t.ho proviouH ciha])t.c‘rH ar<< <!onHi(l<“rc<l, 
it is clear that our kiiowk'dgo of roacition or hydrion concentrat ion 
in plants has boon oonfincxl mainly to the results of <l(‘t.(U’niinat.ions 
of the hydrion concentration of liquids wliich have been expn'sstsl 
from various parts of the plant and examined ('ith<>r by nuoins 
of indicators or by electrometric methods. In addition to tliese 
determinations we have the observations by Sohwak'/- (IK'.)2), 
Haas (11) I (5) and ol hcrs, where the coloured subst aius's (xu-urring 
naturally in the cell were taken as in<li<'ntors of hydrion conctm- 
tration. Hoiidk (11)17) seems to liav<' b«-(‘n t in* first to publish 
a record of the use of indi(!ators ai)pli(‘(l <''Xt.('rnally to plant 
sections in order to determine the pH of tlx^ tissues. Atkins (11)22) 
followed this author iji the use of the ordinary Hyntlu't.ie indi¬ 
cators in an attemj)t to determine the reaction of living tissiu's. 
The methods of Roudk and Atkins involvt' a comparison of the 
tints yielded, thus with the latt.er, “Hsing rncdhyl red, tlic sclc- 
renchyrna and bast fibres give a salmon pink to pink colour, 
eorrosponding to j)!! rr4 to 5*2; the wood ui)i)<'ars a faint pink, 
not moi'C' acid t.han j)Hr 1)'4 to fid) aaid i.lH\ nu'didlary rays arc* 
yellow. 'Fhe upper limits of acitlity are therefore fixed. It rmnaiiis 
to determine the acidity of the portions a})poaring uniformlv' 
yellow of the same tint with di-ethyl red. With plienol red the 
full yellow appeared, showing an acidity of pH ()•(> or more. 
With brom thymol blue a yellow with a green tinge was st'cn, 
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niaitshiiiK colour with pH In order to avoid an terror 

hor<5 <Iu(5 to a green tinge in the tiBsuo a drop method with ex- 
prcHHod Hap was uwed. Thin method ai)i)liod to fronh HootionH of 
Halvia v(*Tbe7h(irva gave i)H 5-2—/5*4 for the Hclerenohyina and l) 4 iHt 
fibroH, pH 5*4 — 5’0 for the wood walls and pH 6'0 for medullary 
rayn, modnUary and cortical parenchyma. Rohdb uses *'rofionrot, 
rot orange, orange gelb*' and ‘‘KirHoh rot, rot orange, gelb orange, 
gidb*’ for incihyl orange and methyl rod respootivoly. 

When one coiiHulerH — I. that a carefully prepared Htaiulard 
iiKiicator colour ia generally regjirdod an noccHsary for accuracy 
even to *2 in pH valucH; 2. that the concentration of the indicator 
in iilio sohiiiou to bci i.eHicHl muHt not <liffcr materially from that 
in the Htandard Holution; and 3. that both wohiiionH are UHually 
]>la<sod in tcjHt-iuboH of Hiaiulard hIzo and viewed in a ciomparator 
which |)cnnit.H a view only through the whole thic.kneBK of the 
fluid, one. iw rather Hurprined at the }>ubUcatu>n of thewo moth<><lB 
of UHing indicators on soctionK. The ])oaHiblc eiTorw involved are 
nuiuerouH, and includes 1. variation in depth of colour due to 
variation in the thickiicHs of the Hcctions, 2. variation in dc])th 
and/or ({uality of tint from tissue to iissue due to variation in 
the rate of penetration and/or lulKorption of the colouring fluid, 
3. variation in the quality of tint <lue to sa]) whicli has (‘scaped 
from cut cells, 4. the ‘j)rot(nn’ error, 5. the ‘salt’ error and 6. the 
‘lipoid’ (UTor. 

'riic first two sources of error arc so obvious to a critical 
investigator tJuit Ouark: (1022 p. 11S), referring to “tho use of 
un(M|(ial d<‘pths of solutions tlirougli which th(^ colours arc^ viewed” 
writers that ‘'Tlu'rc! an* (‘rrors of t(‘<dnn(|ii(' .... which may be 
])assod over with only a word of reminder”. He also r(‘fers to 
certain optical efh'c.ts (ibid. p. ($5), ("j. g. whcu*c a ditilirornatie. 
purple su(di as that of hroiu phenol blue may appear ivd or bhu*. 
ac(;(>rding to th(^ thickiu'ss or thinness of the. layer of fluid travt^rsc'd 
by the light (examined. 

With regard to the scniond source of error we luive in fa«*.t 
found tiisHues which, althoiigli giving a stronger red with di-ethyl 
red than surrounding tissues, give a yellow with methyl r(‘(l wliile 
the surrounding tissues give a rod with methyl red, and similar 
results have boon obtained in other cases with other indicators. 
T’he (lept.h of the tint observed is, thorofore, no certain guide to 
tho exact hydrion concentration of a .tissue. 
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TIh* third source of error can he avoid<‘<l by Huitahle 
The fourtli or ']>rotoiu’ error luis its Houree in the removal by 
a<lHorption or othorwise, of the indieaior from tin* fiedd of tuttiou 
and muHt bo conshlered in thecaHcof the living? cell. The fifth or 
‘salt’ error has been diHciwHcd above (p. 21)) and istiovere*! by the 
admitted experimental error of all indi<tator work on plant in aU*riaI. 
Tho sixth or ‘lipohl’ error, with true lipoids, is covered for DKUaiul 
MR by tho use of colours only and the elimination of‘orange’ and 
all other ‘neutral’ f.inta from the aignificant indications ^ivi'n l>y 
tho R.r.M. method. Tho reds obtained with methyl red and cutin, 
suborin, lignin etc., would, tlioroforo, a]>pear to bo true ‘viragi's’. 

Notwithstanding tho possible sources of error in i.his nu'thod 
of detorininiug tho hyiirion ooncentration of phud- tissu<*s, such 
a mothocl ia surely more reasonable and more likely bring 
out a closer approximation to tho truth (ionc<irning tho signifieanti 
variations in reaction in plants than ar<^ tho <deef.roin<d rie nu'l luxls 
so commonly used. It seems impossible at the present slagi* to 
apply eleotromotrio motho<ls to tho interior of onlinary living 
plant oolls. Tho nearest approacdi to an unmixed sap »is<‘d for 
such determinations is that of Valonia use<l l>y (hioziKit (HMO) 
and Tavlob and WurrAKKn (1027). But <(()nsi<lering the e(un- 
parativoly extensive variation in tho pH of neighbouring cells, 
tho determination of tiie i>H of a liquid, wliitdi is a enule mix! un* 
of cell waU fragments, eylojilasm an<l vacuiolar sap with most, of 
their inclusions, does not H<‘em capable* of j)roviding us willi ve'ry 
satisfjustory data upon which to base conclusions eone(*rnii>g the* 
rdlo of hydrion concentration in the lih* of tlu* |>Iant. 'I’lie data 
obtained by Cboziisb concerning tho remstion of lil)<*ral.<‘d vacuolar 
sap of Valonia may be more reliable and more significant, but. 
even in that otise tho very jiroeess of Iib<‘ration may hava* involv<‘<l 
significant changes in tho hyiirion cono(mt.rat.iou of t lu* sap. h’or 
example, in. tho ease of a very slightly huffere<l phosj>hat.<' solut ion 
the carbon dioxide content may be the buttor governing tlu' i)ll 
of tho sap and wounding the cell may jirofouiully alh'r th<‘ carbon 
dioxide conttuib (cp. dhaptc^rs XIV, XVII and LlUilK, ItMM)); 
allowing the carbon ilioxidc of the sap t.o at.tain lui (‘cpulihrium 
with the air will certainly alter t.hat factor. 

GlOKEiHOBN and Khllbk (1926, Tabclle 4) applu'd fifteen 
different indicators and used tho R. I. M. intrepretation in an 
investigation of Dcfphnia. 
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Tho \iHual involving tho oxi)roBHion of tho wap, 

H(MMn to th<» wriU^r to havo Homcvrtmt tho Hamo significanoo as 
would <l(d^‘rminationH of tho pH of an averages chcniioal labora- 
lrf>ry I>y a proooss which involvwl tvs its first stop the crushing 
and mixing of all th(» nwoptaclos and tlusir contents. Quite apart 
from th<» incwitablo iidoractions, tho ros\iHing data, while more 
or loss true a kind of average, would furnish no very obvious 
<ilu<‘H as to i.he proo<wHOH iuclu<icHl in tho normal activities of tho 
lahorat<>ry. N<W(jrth<»leHs, many of those who use these methods 
work their <lai.a out t-o the H<Kjond decimal jdaco and some oven 
<!hiim a significancu* for variations in the last figure of such <lata. 
It should h<‘ clear, from the fa<d<H already known concerning tho 
variai'ion of i»H fron\ tissue to tissue, i.hat the relative develo])- 
inent of the various tissues must be studied and taken into 
a<5COuni., hefor(^ any reliance at all can bo placcxl upon small 
variai-ions in the hydrion concentration of a mixed liquid derived 
from a heterogeneous mass of tissues. 

3. THE INimiATORS 

Any indi<iator metluxl of tletermining hydrion conc'cntration 
which d(q>ends ui»on a finely developed colour-sense does not 
st‘<‘m I'O h<‘ (:a]>ahl<' of general a]>plication, (‘xcej)t in the hamls 
of a traiiusl colour specialist* 

'I’he Range liulicator Method ilescrihed below*) depcmls upon 
th(‘ fact i.hat in a two-colour indicator series one colour is what 
may be calh'd a <loininant. Thus red or blue is dominant over 
i.he ;vc‘ll<iws giv<*u by mosi. of these* indicat.ors, i. e. on <liliitioit or 
thinning of the layc'r viewe«l, without any (ihange in pH, ilu' 
pink or orang«‘ or grecui tints retain the nxl or bhu' td<'m<‘nt of 
the tint, more conspicuously than the. yellow element. Tin* actual 
tint, may theoretically aii<l to the trained colour s|>e<iialist remain 
th(» same, but tlie apparent tint of red dilubxl becomes pink, 
7 )ink dilut.(*d b<'e.oin(*s pah'-r j)iid<, orange diluUxI bee-oines doubtful 
wh(*r<'jis pinkish orang(‘ Ix'comtw pink, and similarly with blue 
to pale blue, green to i)ale. gre<‘n, yellowish green to green ; whereas 
y<‘llow <liluted beeonu's apparently colourless at a mueh earlier 
stage of dilution or thinning. 

I) Six' Sm m.i. I02($, also Kn v and Sm.mu, 1(>2(S —27, M \ktin U)20 — 27. 
l.Mioi.i) and Small 1!)2H. 
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In the range of tints given hy any one of i-lK' iii<li<*.at><>rK uhcmI 
there is a point whore the yellow is (lefinit(‘ly yc'llow and another 
where the colour becomes definitoly dominated hy the <»th<*r 
clement, either red or blue, i. e. the diehromatie tijit be<'t>m<‘H 
definitely pink or green. Between these points is usually a range 
of 0'4 in the pH ; ami it is this part of the rang(* ami l.his pari- 
only which we us(< to obtain our re.sults. 'Fhe “(’apillat<ir” eohMirs 
give some idea of the. rangi* lo be used, but the imlieat-ors tlu'rc* 
are (toneentraied. 

The following table shows ihe seheine used with giv<*n iiuli- 
eators, and tint in<‘tho<l has been extend(‘d oeetvsionally to otluT 
indicators. 

Table I 


Indiwitor 


Aik. (Colour 

■■■ 



BJB 

Ran|^(» 

pH 


Bromo-eroBoi purple. . 

B(n* 

pale blui* to 
purf>I(^ 

> 

y id low 

‘ 5-9 

I>i-cthyl rod. 

DEH 

ytdluw 


pal(> pink to 
ri»<l 

Tk-d 

Methyl rod. 

Mlt 

y<‘llow 

> r>« 

pali‘ ]kink to 
<li»i‘p ri‘d 

. rk-2 

B *ii7-orie-a2o-a-iiaj)h- 






thvlamino. 

BAN 

y<*ll<)\v 

-.PK 

pal(‘ pink to 
di^'p ri*d 

i \ 

l^r<>mo-cr<‘H()l . . 

B<V3 

y>aU*^nM*ii to 
<hM*p bluo 

\ -4 

y id low 

do 

Bron\o-phonol blue . . 

JB*B 

paleto 
<Uh‘P bluo 

• 1 •() 

yidli>w 


Extra IndicatorH 






Bromo-thymol blue . - 

BTB 

y^rwii to blue 

V b'4 

yidlikw 

. t>-2 

J^henol red. 

PR 

pink to riMl 

:‘7-o 

y idli >\v' 

. US 


In considering this table it should lx* noted, firstly tluit. no 
degree of dilution will niak<t yellow apixuir i)ink or grecui, ami 
secondly that the pale blues, gretuis f)r pinks do not apptuir y<‘ll(»w 
on dilution. Th<< onlycjiso when^ any difficulty has arisen in lh<‘ 
interpretation of the residts is with BAN. H<to the yellow is 
not the same distinctive colour as in t-he other st'ries, hut. with 
strict attention to the quality of the yellow as seen in t.lu* t<‘Ht- 
tube alkaline ranges there has been no further Irouhlo in t.h<» 
chissifieation of the colours found. Jlromo-tiiymol }>lu<* has betui 










THE RANGE INDICATOR METHOD 


47 


found vory useful and may replace BCP with advantage with 
some materials. 


3. TECHNIQUE 

Hand sections of fresh material are cut of such thickness that 
the H(H‘.tion always has the parenchymatous layer in some part 
just one coll thick. These sections arc carefully waslied with 
neutral water or fresh conductivity water to remove the liberated 
contents of broken cells. This neutral water is f)repared by nearly 
filling a bottle or washing flask with freshly distilled water which 
has invariably been foui)<l to be acid to i)henol red; introducing 
a fc'w (Irops of that iiulictator which has its point of least colour 
at- pH 7; and then adding*enougli of the normally slightly alkaline 
tap water of Ik^lfast, until when mixed the water is practically 
colourless. A distinct although very pale yellow tint is coireeteil 
by the addition of more ta]) water, wliilo a distinct pale j^ink tint 
is coiTcctcd by th(% achnixture of more distilkul water. The presence 
of the minute quantity of ])honol red <l()es not interfere in any 
way with subsequent oi)erations, and in the bottle it a(*ts as a 
(‘.onstant check on the continued lUuitTaliiy of tlui washing water. 
Th<‘ latter is a vc‘ry n<‘c<\ssary j)reeaution as will he seen later. 

''Three waslu^d s<^etioiis from the same part of thc^ f>lant ar(‘ 
tli(‘ii placu'd in each watcli-glass of aqiK^oiis (or tlilnlvd^ alcoholic) 
indic^ator solution, left for 30 to 00 minutes^) or longer, washed 
again with lUMiiral water, examined iiiidcu* the niiiTos(*oj)e, and 
t.h(" colours are tluMi recor<lc5cl, (^mtrol sections in eacdi c.as<" are 
iis(‘(l t.o <di<i<‘k th<^ nat.ural colouration whi(*h may iiitiu'ftMV witli 
th(‘ t.<\st.M, (»sp(‘eially in th<* epid<‘rinis. 'Plu' natural colour is sonu*- 
tinles pink or rod and tlu' nwults with Mil ami DKll an* tlien'- 
fore subj<‘<d. to sjx'cdal iut.(‘rpretaiion. 

By carefully controlknl experinu^iit it has heiui found that 
although the colour with indicators (kuqxMis during the night, it 
sc^ldorn <diang<‘s from yc'llow t.o pink or grecui or vice veu’sa. I'lui 
tint varit's but t lu' kind of colour usually remains t he sanu', 
tions have Ixm^ii foiiml to tliis in the siinflow'cr and the potato. 
'rh<‘ indicator solutions use<l are thos(^ ])repare(l by the British 
Drug Houses as n^ady for us(^ uiul the usefulness of our metliod 

1) Sco holow p. 53 for the iniport*iiic*o of this <lihition. 

2) InimcdiaU^ oxamiiiatiuii is advisabk^ as a sex* hihwv p. 54. 
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is confirmed by the fact that after an experioiuto of four yt^arn wo 
were able to dotoot alkali coming from th(% bottloH in one 
of solutions. Tlio solutions wore aftorwanis obtained in atnlx^r 
glass bottles which do not yiehl alkali to the soluiJons. Th<' 
composition of these indicator solutions is given as follows * 

Bromo-thymol ])lue.BTH % mono Na salt- in 

!20 % Hl(X)hol 

Bromo-er(W)l ])ur|)l(‘ .... B(1P 0*0*1 % mono Na salt in 






20 % ubtoliol 


Di-othyl rod. 

DKH. 

()()2 

/o 

in (JO % aI<‘ohoI 


Motliyl rcxl. 

MR 


A> 

in 00 % nlc'oiiol 


Benzene azo-rf-naphthylainine 

BAN 

OOI 

/o 

bydn )ehIori<l<‘ 

in 





20 % nlnoliol 


Bronio-crcsol green. 


()-04 

/o 

mono Na salt 

in 




20 % alc-oliol 


Bromo-j)henol bliu*. 

BI*B 

0-04 

0/ 

/ o 

mono Na snli 

in 


20 % al(*ohol. 

Allthoso, except BAN, can also beohtained in a<iu<‘oiiH solution. 

It will be noted that the indicators an^ in aleoholie solution. 
By carefully controlled experiments with a(ju<‘<)us solutions nuuh^ 
up from dry B. I). H. indicators Miss S. H. Martin was abh^ to 
demonstrate conclusively that there was usually no 
between the kind of colour given by s(x*tions with the diliitcxl 
standard solutions*) and t.Iiat. given with fn*sh a({iux>us solutions 
of the same indicators. A<iucous methyl hmI (It. I). II.) UH(*d for 
some time gave no differe.u<*e in th<‘. colour b\it. gave* paler tints 
of the same kind of colour. Acjueous ditd hyl nxl may giv<* mon' 
brilliant colours than the alcxdiolie solution. 

Tn some eases the indicator was taken up l>y th<‘ (‘<dls to siudi 
a small extent that certain tissues ap])ear<')d (‘olourh^ss. In iminy 
such experiments the sections were mounUxl in a hanging drop 
in a gas chamber and when carbon dioxide was passed through 
the chamber a reddish tint with methyl re<l or di-(dhyl rvi\ r<‘Hult<Ml, 
showing that the yellow of the alkalim^ range of ilu'se two indi¬ 
cators when very dilute may appear colourh^ss in th<" H<*etionH 
under the microscope. Rc<l being a more dominant colour 
shows uj) when the ])H is changed to th(^ ae.id range' of th<‘ 
indicator. Similar experiments with tlie yellow of the* aei<l range' 


1) Kor the effect of alcohol sec below, s(*ction 4. 
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of bromo-cresol purple gave similar results with ammonia vapour 
or, when the pH appeared to be about 6'9, with carbon dioxide; 
at the latter point neither yellow nor purple is very distinct. 

The indicators given above enable us to distinguish the 
following ranges of reaction or pH. 


Colours and Indicators 

pH Range 

Symbols 
for pH 
Ranges 

Notes 

blue to purple BOP. 

>6-2 

A 


yellow BOP, yellow DER .... 

<5-9 

>6-9 

a 

approx. 6-9^) 

yellow B( JP, indefinite DER, yellow 
MR.. 

</)•« 

>r>tf 

b 


rcul DER, yellow MR. ..... 

<r>B 

> r>B 


a]>prox. 6'C 

red DER, iiuIofiniU^ MR, yellow 
BAN. 

<5*0 

>4-8 

d 


rod MR, yellow BAN. 

<5-2 

>4-8 

o 


rod MR, indot BAN, green to blue 
BOG . , . 

<5-2 

.>4-4 

f 


red BAN, green BOO. 

<4-4 

>4-4 

K 

approx. 4*4 

red BAN, indet B(JO, green to blue 
liPB. 

<4-4 

>4*0 

h 


yellow B(J(i, green to blue BPB. 

<4d) 

>4’0 

i 

approx. 4-0 

yellow BPB. 

< 

;i-4 

k 


Witler Ranges 

Indefinite 

yellow B(JP, green to blue BPB. 

<5*8 

>40 

X 

— (a— h) 

r<‘<l DER, green to blue BPIi . . 


; 40 

Y 

- (‘1 -I«) 

rang<‘ of first 

r<‘(l MR, gre<‘n to blue- BPB . . 

5*2 

4 0 

Z 

(o -h) 

Iligli<*r Rungt'S 

y<‘IIow BTB, indet B(d\ yellow 
DER.. 

< (i-2 

> 50 

B 

lower tlmii 

yellow BTB, blue to purple BOP 

< ()*2 

> 5*2 

O 

l.h<* in<l(d. 
rttnge A 
aj)prox. (5*2 

yellow PR, indet BTB, blue to 
purple BOP. 

< 0*8 

> 5-2 

1) 


yellow PR, green to blue BTB . 

< C-8 

> 5*4 

E 



1) Tlio yellow with BOP is stronger than the iiulofinite purple about 
00 —5-8. 

Protopliuima-Monograpliien It: Small ^ 
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DHAPTER VTTI 


These symbols have been used throughout the analyww of 
the reactions of tisHiicB as it is muoli easier to follow in this way 
the changes in reaction of the various tissues attd from tissiui to 
tissue in a section. 

Tt should bo noted thai. in a^ldition f.o tlu> iiulieators <l<‘tK‘r- 
mining each range there are others; the <tolours givt'ii by I'hese 
others act as an a<iditionnl cheek on the valu<>s oblained for ih<‘ 
hydrion concentration. 

The ranges indicated by X and Y arc tak<‘n as too wide lo 
be useful and have bctui eliminatc*d from th<* re<*ords of results 
which follow in Part II f. Such rangcw occur in practice bceaus<* 
BAN and BCCl were not us(‘d at first, and also b(‘cause wluui 
used later they and also other indicators sonictinuw fni)(‘d t.o giv<‘ 
a definite colouration. 

The colour nwulting from e»u«h exiK^riment. hi ((aeh tissiu' is 
noted and from these colours the pH rang<‘ twin nwlily lx* 
determined and translutwl into a ledger as one or other of t.he 
symbols (letters). 

From the above account it will be soon that, when a. <lcfinitc 
kind of colour rather than a tint is taken, the n^sult^ witli fn'sh 
sections and a scries of imlicators can be quito definib* ami pr<*cist‘ 
within the limits imposed by the use of rangva of pH rat luu* t han 
guesses at more exact figures. The usci t)f a sesries of indica.t.tu’s 
in this way may reduce the witlth of the rangc> indicat'iMl, e. g.h or 
fi'J) — or it may bring the range within narrower Uiniis, 
c. g. c or — 5‘6. The other iiulieators employed in <‘aeh ease 
not only chock higher or lower ranges, hut may also diff<*r(“ntiat<* 
other tissues of the same section within similar narrow' limitH, 

The Baiigo Indicator Method (U. I.M.) as described ahovi*, 
compared with most other methods of using indicat.ors for tiu* 
determination of the hydrogen ion concentration, diffiu's from 
those in the elimination of the central ])oriion of the so-i^alled 
“useful range” of each indicator. The essiuitial filatures of the 
R. r. M. are (1) the use of indicators only when they show definite 
colours, i. e. red, yellow, grec'n, or blue, and (2) t.lu' iditnination 
of intermediate tints such as orange, ]>inkish orangi*, yellowish 
green, etc. This procodun^ results in the detttrminatiou of ranges 
within which lie the actual concentrations of hydrogen ioivs. 
These dotorminatious when used for plant tissues have a oom> 
fortable certainty which is lacking in the data siqtplu'd by ‘‘t.iut” 
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methods; and the use of a series* of overlapping indicators results 
in a reduction of the range of pH indicated to something closely 
approaching that obtained by most “tint” methods. 

The R. I. M. has been applied, with results which are nearly 
always consistent, in an extensive Investigation of pH conditions 
in ])lant tissues, see Part III of this volume. Nevertheless the 
differentiations obtained later in the investigation were felt to 
bo not quite so detailed as seemod probable. This matter was 
brought into prominence when C. T. lNGoni> made some prelimi¬ 
nary observations upon a coonooytic fungus, and found that the 
liyphao apparently took the colour of the circumambient fluid. 
A high degree of j)eriueability scnmiod to be indicated; diffusion 
was a matter of minutes. A possible cause for this phenomenon 
was suggested by the alcoholic medium used in thi^ standard 
B. D. H. indicator solutions. The following sections^) deal with 
experiments concerning these alcoholic media and emphasis is 
laid upon certain points of teohniquo in consequence of the facts 
observed. 

4. THE EFFECTS OFETIIYLAL€OIIOL ON PLANT TISSUES 

A. DIIWSION OF ANTIIOCYAN 

The es<?ape of the rod ])iginent from tiui c^ells of beetroot is 
often taken as an indication of death. Using this escajM' (.)f tlie 
red anthocyan as an indicator of death tlie iimo for <leath to 
tak<^ place in various concentrations of alciohol was detormiiie<i, 

I)ist‘-s of uniform thickn<‘ss (2 mnis. thick) were preparotl 
from cylinders of IxMdroot t issiK' cut. out wit h a cork bonu*. Thesc^ 
disc's wi‘rc' ihcMi waslu^d in tup watcu- until the water bathing 
tlu'rn no longcu* showed a j>inlvish tinge*. 

An arbitnuy (Colour standard wais nnide by boiling one' disc* 
in 20 c<‘s. of water. A sc'ries of specimen tubes w(‘r(^ prcq)ar(xl 
eaic^h ('.oiitaining 20 ces. of alcohol cjf various strengths (O, 5, 10, 
15, 20, 25, 30 atnd 50%). This series was made in triplicate"- Three 
of th(^ washeel discs were then phicexl in each tube. For each tube 
the time was taken from the moment of immersion of the elise'-s 
to the time when the solution in the tube became of the sainu". 
depth of colour as tlie standard. The results arc given below. 

1) Inuclo and Small (1028). 

4'»' 
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CHAPTER Vni 


Strength of alcohol in 
volume per cent. 

0 

B 

10 

15 

D 

25 

30 

50 

Time (in minutes) I . 

over 1500 

.‘ins 

128 

71> 

45 

30 

to reach standard 11. 

over J500 

349 

109 

0S> 

39 

20 

Til. 

over 1600 

•— 

137 

72 

52 

27 

Average 

over 1500 

351 

124 

72 

45 

27 


It. (JERmmATION OF SKKDS 

Tho action of alcohol on tho gorraination of hcckIh woh also 
Rtudiexl. Small mualin bags oach containing 60 dry mustard 
seeds wore prepared. Jb’ive of these bags were immorsc<l in cacdj 
of a series of alcohols ranging from 5% to 60%. At intervals 
a bag was withdrawn from each strength. Tho seeds wore washed 
in water for several hours to got rid of the alcohol. They wor<» 
then planted. Tho nximber that germinated ten days after sowing 
was recorded. Tho results are given below. 




Time of immersion in hours 




%hr 

1 hr 

2 hrH 

4 hrs 

8 hrs 

6% . . 

50 

47 

47 

47 

45 

Ml 

.s 

10% . . 

48 

50 

49 

45 

40 


Alcohol 15% . . 

44 

48 

50 

47 

10 

JU 

strcngtih 20% . . 

49 

49 

47 

18 

0 

Ml 

25% . . 

47 

49 

45 

0 

0 

ii 

Vi 

30% . . 

49 

49 

17 

0 

0 

c* 

50% . . 

50 

45 

48 

2 

0 

o 


Tho figures give tho number of seeds tiiai gerininal>(Ml, t.h(*r(*- 
fore tho percentage germination can bo obtained l)y doubling i'a<di. 


<1. PLASMOLYSIS OF KPIDKKMAL <1KLLS 
Strips of the lower opidt^rmis of Broad Bean l<‘af \v(*re im- 
niorsed in various ooncentrations of ethyl alcohol. Sainph's w<*r«* 
withdrawn at intervals and tested in a hypertonii! solution of 
cane sugar for x>lasmolyHis. They wore then irrigated with wat<*r 
to test for deplasmolysis. Where any cells of a si.rip eouhl he 
plasmolysed and then deplasmolysod it wixs eounU'd jis living. 
Where there were no such cells tho stri|) was <!oimt<-id as detul. 
The results of a typical experiment are givc'u helow. 
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% Alcohol 


30 

— 

20 

15 

10 

6 

Time to kill (minutes) 

<16 

<16 

<16 

<16 

46/70 

>360 

>360 


D. LOSS OF DIFFERENTIAL TUBGIDITY IN TARAXACUM SCAPE 

This method of investigation depends on the fact that ’when 
a living portion of dandelion scape is split longitudinally by two 
cuts at right angles to one another, the four free ends thus formed 
bond outwards, on account of the different tension between the 
opulermis and the tissue inside the epidermis. 

In this experiment a series of alcohol strengths were prepared. 
Ten portions of Taraxacum scape wore placed in each. At inter¬ 
vals a portion was withdrawn and tostcfl for tissue tension, plac¬ 
ing in water so that the colls might exert their full tension. 
Death was reckoned to have taken place when all ton jjioces 
in a particular strength no longer showed the tissue tension 
acl/ion. The results of an experiment are given below. 


% Alcohol 

50 

30 ■ 

20 

wgm 

10 

5 

Time for loss of cliff, 
turf^idity.... 

<: 15 

15/30 

120/190 

> 24 hrs 

> 24 hrs 

>24 hrs 


mins 

mins 

niiiiH 





E. CONCLUKIONS 

From t.heH<^ exporinuMits it a)>peaFS tliat, in tlie four <!as<‘s 
considenHl, iinnu'rsion in 20% etliyl alcsohol ft)r four hours or 
more results in death of the etdls. 'Pln'ri* is, iiowovor, a eon- 
sid(M*al)I(‘ <liff(‘r<Ml<!<^ in tlie (‘ff<‘et.s of 16% aleohol and a vt'ry 
larg«“ differences in the* edfc'cls of i0% aUiohol in <‘ae,h ease. Th<* 
Ic'thal period in the «!ase of he«>t.root. ris<‘s from two houi's in 20% 
al<^>hol to ai)out six hours in !•'>% and to over twcuit.y-five hours 
in 10%. Similarly t.lu^ pere(M)tag<‘ gc'rniination of mustard s(‘<‘ds 
after (ught hours immersion rises from zero in 20% akiohol to 
20 in 16% alcohol and to 80 in 10% alcohol. The h^thal period 
f<jr epiderma.! cells of broad bean leaf rises from less than 15 mi¬ 
nutes in 20% to about one hour in 15% and to over six hours 
in 10% alcohol. The lethal period of immersion as indicate<l by 
loss of differential turgi<lity in <iandelion scape rises from half 
an hour in 30 % alcohol to between two and three hours in 20 % 
alcohol and to over 24 hoiu*s in 15 to 10% alcohol. 
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(iflAnMAR VIII 


(JoiiHidoriiig thcHO dai-ti, tlic original dilution of tli<^ Htan- 
<lard indicator Holutions with an ccpial volumo of dwtillcd wnl<T 
clearly had a much greater offee-t than waH conwidered ponHihli*. 
The Txso of the Htronger alcoholic HoliitiotiH Hhould be <!Oinbin(‘d 
with immediate ohHcrvat.ioiiH or tint us(» of a longer jK'riod of 
immersion should he <i(>nibined wit<h dilution of the aleoholic 
strengths of the solutioiis use<l. 

The <|uestioii t.ln'H arises as t.o tin* exti'ut to wliitdi this d<*at>h 
of the cells in the stronger alcohol solutions affe<*ls the hydrion 
concentration as indicated hy the It. 1. M. 

The many times r('j)eatiod tosts Inwl shown that. t.here w<*r<' 
no colour difforencess between alcoholic and aqucwnis imlicators, 
and that there were no colour diffcrenctw het.ween periods <*f 
immersion of one hour to twenty-four hours. Kxamination of 
the data given above shows that with the exe<‘ption of th(^ Ixvin 
epidermis, the l<»tlial period of irnnKM-sion in 20% al<‘oI)oI appears 
to ho greater than one hour. It, th<‘refore, appears r(‘asonahly 
certain that the observations made (|uiekly are, in most ease's, 
made upon living colls, while the later ol)servations are nnwle 
upon doa<l colls. The comparative tests indkeaiK^ i,hat the later 
observations can ixs a rule he taken as giving the initial pH of 
the living colls when the It. I. M. is used. With ,,tint“ indicator 
methods the n^sults would he t.<io comidieatt'd hy tliis fa<'1or 
to ho at all rclial)l(^ 

On the other hand there did .schuii a possibility liiat diffusion 
of olootrolyttis following the deuith of tli<‘ <-<‘11 h might, in sonn* 
cases result in a mixing of t.he saps from various tissiu's with a 
consequent loss of apparent differentiation in tlu^ pH of tl)es<* 
tissues. This possibility was, thorefon^, investigal<‘d. 

6. DIFFUSION OF KLE<.TIU)I.YTKS 

The action of ethyl aleoliol in bringing about tlie <lirfusioii 
of electrolytes from ])hint cells was studied using tix* m<‘tiiod 
described hy Ktilbh (11)17). In this method the outward diffusion 
of electrolytes is measured hy dcU^rmining iht' ('le<>trieal con¬ 
ductivity of the solution in which the tissue is imnu'rsc'd. 

The tissues examined were the young stt'in of liroad Ixuiii 
{Vida faba) and of JPelargon-ium and the hypo<*.otyl of sunflower 
{Helianihua annuua). 
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The Htems were out into transverse sections 2-5 mm. thick. 
Those wore then washed for half an hour in several changes of 
distilled water to remove the solutes from the out cells. The 
sections wore then roughly dried between clean filter papers 
and placed in the solution. The solutions of alcohol were made 
‘up with conductivity water and absolute alcohol. Measurements 
of the conductivity of the solution containing the tissue wore 
made at intervals with a Kohxbausoh apparatus. The tem¬ 
perature throughout each experiment was kept constant. The 
temperature from oxi)orimont to experiment varied between 
IP and Tn the graphs the conductivity is given in ar¬ 

bitrary units and the values obtained arc not corrected for tlio 
presence of non-olcctrolytos. 

In order to determine whether the final values obtainc^l 
upproxiniatiod to the total elecirolyies in the tissue the following 
procedure was adopted. The tissue at the end of oacli oxperinioni 
w«is boiled up in a few ccs. of the bathing fluid for 20 minutes 
and thoroughly crushed. The solution was then made uj) to its 
original volume with alcohol an<I water, hearing in mind that 
(luring the boiling all the alcohol is drivcm off. This j)roc(Mliir<^ 
gives a value whi<di is probably too high on ac^e.ount of the colloids 
s<'t five during the boiling and crushing pnxvss. 

(/onsidering the results summarised in the graphs (figs. 4, 5, 
()), it is (dear that the outward diffusion of elocirolytes is rapid 
in 20% alcu)hoI approaching comjiletion within three hours in 
th(^ broad bean and sunflower. Tliis is similar to i>ho rosiilis 
ol>t.ain<^d for pot.ato tuber by Sticks (1017). The sunflower and 
Ix^an w<u*<‘ chosen as sj)ee.i(»s ui>on which th(* R. I. M. htwl b<x^i\ 
iis(mI <‘\i.('nsiv(dy, atul the inv(\s1.iga1 ion ineludcMl si<Mn of 

P(dargoniurn as an (\xainpl(' of t.h<‘ ‘‘"aedd ty|)(‘” distinguisluxl by 

and Small in their first siirv(\v of stcan tissiu^s (n)2(>). It. is, 
then'fon', intt'n'sting and noiew'orthy that Pelargonium sbun in 
20% alcohol does not show this rapid diffusion. When 10% 
al(x>hol was used the sunflower hy[)oe()tyl showcxl a h’^ss rapid 
diffusion but after ten hours imnu'rsiori the diffusion had alivady 
rea(d)ed a half way position, whereas in the bean stem the diffusion 
in 10% alcohol was at first possibly lower than that in water. 
Even after twenty four hours immersion in 10% alcohol tlie 
outward diffusion in the bean W'as vc‘ry little more than in Cion- 
duetivity water. The lower concentration of alcohol was not 
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Ttm in hoars 
Fig. ti. 
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ixsod for Polargonium stem in view of the result obtained with 
20 % alcohol. 

Those considerations lead to the conclusion that, in some 
(tascs at least, diffusion of electrolytes occurs with strongly alco¬ 
holic media. Such diffusion would probably not affect the indi¬ 
cations for lignified cell walls and for some cytoplasmic contents 
but, whore the observed pH concerns the sap or the diffusable 
electrolytes of the cytoplasm this diffusion might affect the 
results. This possibility was investigated particularly in the 
case of the sunflower hypocotyl. 

6. BEUAVIOUH OF INDICATORS 

The fliffusion of oloctrolytos was studied in slices of tissue 
2'6 mms. thick; the diffusion probably roaches its maximum more 
rapidly in the thinner sections used in the R.E.M. The conditions 
may he considered thus. — In a thin section there are some thin- 
wallod colls with relatively acid and relatively alkaline diffusable 
contents; if this section bo immersed in an indicator solution 
containing 20 % alcohol, outwar<l diffusion of electrolytes will 
take i)lace, if the tissue he of the typo occurring in sunflower and 
beau. If diffusion he raj)i(l the diffusable contents of theacidand 
of the alkaline cells will, after a time, hecomo mixed with the indi¬ 
cator solution. When the section is observed after this intermixing 
has taken placcj the difference hetweem the hy(Irion concentrations 
of th<^ formerly acid and alkaline cells will have disappeared. It 
is cl(‘ar, ther<'for<\ that a differentiation whi(‘h was actually present 
may not Ix^ observed when this intt^rmixing has taken places 

Th<" r(‘sult of t.Ii(‘S(‘ (x>nsi<l(Tat.ions has he(*n the dis(X)very 
of a grouj) of physiologically <lifferent.iaie(l e(‘lls in t.h(‘ hyfKxcotyl 
of th(^ Hunflow<*r (HvHa tiiha h n un.s) oj>j)oHiie the vasiuilar bundles. 
This group of (xdls was not <liff<‘rentiate<l as a eonstant phenonu'non 
by Miss Martin in her survey of the sunflower tissiu's. 
records (ll>2d, Table IV) tlio jiericyclic region as h (0), that is 
pH 5*9 — 5*9 or in exco{)tional cases of pH 5*2 — 4*8, 

As an extreme case, but one which is of sj)ccial value in 
differentiating these cells, di-ethyl rod is taken. This is used in 
90 % alcohol. The table shows the differentiation observed in 
sections immersed for various periods in the strongly alcoholic 
indicator. The colour of di-ethyl red at its neutral point is orange, 
but the rod form of the indicator is unstable in aqueous solutions, 
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(‘MAI'TEU Vin 


Sunflowor hypociolyl of plant at wh<*rc throes pairn of folia^it 

l(«,v(iH arc cxpaiuU'd 


Time in mins. 

Di-cUiyl- 

Red 

Indicator 
(IiHHolvod 
in —: 

Kpl 

dcriniH 

Hup- 

<‘pi' 

dmiUH 

_ 

( lorU^x 

(Iroup 
of <*(41 h 
oppo- 

pori- 

<yoIic 

fibres 

Rndo 

(IcTiniH 

IVri- 

cyolic 

KibroH 

Phloem and 
Cambium 

Xylt^in 

l‘itli 

I 

15 

45 

120 

Alcohol 

»* 

pink 

pal(^ 

pink 

indof. 

iiidof. 

to 

yollow 

pink 

indo- 

finiU^ 

itidof. 

1.0 

yellow 

iii(l(4. 

to 

yollow 

yt'llow 

yellow 

yollow 

y(41ow 

pink 

yollow 

yollow 

yollow 

yollow 

yollow 

yollow 

yollow 

pink 

<loop 

pink 

pink 

pink 

y<41()w 

ycdlow 

y<41ow 

yollow 

pink 

dcK'p 

pink 

pink 

pink 

yollow 

y<'llow 

y<'Ilow 

yollow 

15 

WaU‘r 

<le<‘p 

pink 

pink 

y<»ll()W 

bright 

pink 

ytdlow 

1 bright 
rcMl 

y<41ow 

bright 

r('d 

yollow 

45 







1 „ 




120 


»» 


ft 








luMioo the Htrong alcohol iihihI in iJic statxlanl Holulion. It will 
bo noted that the only tiHsucH w'hieh change in aelual <-olour are 
— (1) the above-mentioned grou|>H of acid cells, (2) the ei)i(lernuH, 
which was uniformly recorded as v<vy acid (i. e. n^d with DKIi 
by Martin) and (3) the Hub-epidormis which was found bv Makti n 
(1927) to vary. 

Tho rosults of this investigation indicate thal. wh<‘n indiealor 
solutions containing more than 10% alcohol are uHe<l wilhout. 
dilution with <listillc(l water in obscrvatioiis by the “Hange In¬ 
dicator Method”, outward diffusion of elecitrolytes may l<*ad to 
a mixing of diffusablo substances remottdy apj)roaching the eon- 
ditions obtaining when expressed sa]) is used for the det(>rmination 
of the pH of plant juices. 

Further, since the sections containing a relatively sn»all 
quantity of electrolytes are immorsiMl in a relatively larg<‘ (juantity 
of indicator solution, there may not bo enough i)lant juice to change 
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tho colour of the indicator solution. As it has boon shown (sco 
C^hap. XIX), that plant juices are in some oases only very slightly 
buffered, tho colour observed after immersion in indicator solutions 
containing 20 % alcohol may depend mainly on tho colour of tho 
circumambient indicator fluid. This appeared to bo the case 
in the (sortox and pith of the broad bean and may bo responsible 
for a certain lack of differentiation which is apparent in some of 
the later records of stems and loaves throughout the year. It 
must bo remembered, however, that the results contain many 
insianccH of a differontaiion between thin walled cells of tho cortex 
and those of the pith, both in the broad bean and in many other 
plants. Nevertheless, since tho “Range Indicator Method** 
enables us to obtain only an approximation to tho hydrogen-ion 
c.oncontration of the tissues, anything which enables us either 
to af)proximato more closely to the actual ])H or to differentiates 
the tissues to a greater extent shoidd naturally be includ(Ml in tins 
teclniiciue of the method. Wo therefore put forward the following 
precautions and modifications which are now being used in this 
laborai.ory. 


7. SPK( JAL PRE4 AlITIONS 

As a r(‘suli of tlu'se investigations (192(5—I92S), auul of ilus 
dcMiionstration hy Martin that the jui(?es of plants may Ixs only 
v<sry slightly buffero<l, the following points in the technique of 
the R.I.M, are emi)hasised — 

1. I"he use of standanl alcoholic indicators only aft(‘r dilution 

with pun' distilled wai.(T to bring the 2 iU‘.oholic i*.ontent to or 
Ix'low 10 ; 

2. 'Tin* use' of sp<'(*ially pr<‘pa.r('<l alcoholic* indic^ators (*on- 
taining 10% or Ic'ss of al(x>hoL 

•'$. 'rh(' use w'lic'ns possibles of acjuc'oiis indic^ators, 

4. The rc'duetiou of the pericxl of inmu*rsion to a rninituinn 
eoinistent with this obtaining of uiu'quivcxsal csolour indiesations; 
l.his pc'ricxl may be atiything from one minute' to twelve hours; 

5. The use of all indicators with the indicator brought as 
near as possible to its neutral ]K)int, so that even a slightly buffered 
plant fluid may he able to throw the indicator to one side or thes 
other of the neutral jmint. 

In view of tho conditions within many jdant e.ells this fifth 
point has been found to bo of s})ccial imi)ortaiicc. Tho indicator 
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BoIutionB, as kept for use in bottles fitted with pipettes, shouhl 
be correotod and maintainofl at the proper neutral i)oint by the 
judicious use of N/20 solutions of Ho<lium hydroxide and hydro- 
chloric acid. Any extensive addition, even of sodium ehloridt*, 
may introduce a serious “salt error”, biit in jmietiee it is ftnind 
to bo a matter of one or two <irop8 of either aeid or alkali in 20 ecis. 
or more of indicator solution. 

An important {ietail consists of the use of fresh ooudiuttivity 
water in pre]mrinfi the neutral water <lesoribed in the original 
technique. This water should be used wh<ui not more than two 
<lays old. The ordinary ‘blow’ wash-bottlo shouhl not be used, 
since the carbon dioxide of the breath aoidifios the waU'sr (juit.<^ 
considerably. 

The placing of a coverslip over the section may induoo acidi¬ 
fication, see ClhaptorXlV under “The Rffe<«t of He<d.ioning”. 

Uso<l with ail duo precautions, and keejiing in mind that the 
inherent experimental error of any indicator method usecl on idant 
tissues is about i 0*1^), the R. T. M. has been found a valualdc* 
method for exploring the fiohl and preparing tlio way for many 
detailed investigations. This will be obviotis after a perusal of 
Part Tir. 

The Range Indicator Meth<Ki is a practical process for the d<‘' 
termination of the hydrion concentration of plant tissues, perhaps 
with a lesser degree of apparent accuracy but wit h a grouU'r <l<‘gr<‘e 
of certainty than is |)ossibIo with the many olix'r medhods wliieli 
have boon reviewed in the jjrcvious <thaf>t<‘rK. It is true that wliaf. 
is determined i>y this nudhod is th(^ range within wliieh Ihe atdual 
reaction lies, but it is also true that variations »)(*eur wlueh bring 
the hydrion concentration out of one. range and ini-o anotlu'r. 'Plu* 
variations which octnir under natural conditions are, in fa<*t, 
so largo that for the i)ur])OHe. of a g<‘neral Hurv(\v of i.ln^ aetiial 
acidity of plant tissues the Rang(* Indi<!ator M(‘tlio«l is distiiudly 
advantageous. 

In view of another two suggested obj(*(!tions l.o tla* ns<‘ of 
iiulicators in the dolorraination of hydrion concnuitration w«‘ 


1) Many possible errors with the same material ami 11«' hy<lrog<‘n 
electrode, may bo of ttm times this mugiiitiKhs ep. T.vyi.ok an<l Wiiitakkk 
(1927) who give an average of pH .5-47, hut are iiu'lhied to ri*gar<i the 
higher value (pH 6*16) as the more reliable. 
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should like to point out the relation of the Range Indicator 
Method to these new suggestions, 

Rbiss (1926 p. 68) points to the possibility of the rH (oxida¬ 
tion reduction potential) interfering with the indications of the 
pH as given by dyes; but, as the Nbbdhams* (1926 p. 291) point 
out, Nile blue and cresyl blue are affected by the rH of the system 
and ‘‘Since the former dyes command no general respect as pH 
indicators and are rarely used for that purpose, little trouble 
need be expected from this source/’ 

The other point depends upon the relation of the protein 
isoelectric point to the pH of the medium and resulting adsorption 
of only one form of all dyes. If the adsorbing protein be in a 
medium which is more acid than the pH of the protein isolectric 
point, the protein should carry a positive charge and adsorb one 
form of the indicator dye; while if the pH of the medium bo higher 
than the '|)rotcin isoelectric point the protein should bo electro¬ 
negative and adsorb the other form of the dye. 

In the first case the protein would appear to be acid with 
all the indicators used, and in the second it would ai)pear to be 
alkaline with all the indicators used. It is clear that, if this theo¬ 
retical plienoinenon occurred to any ai)prociable extent in our 
work, we would get no results at all with the Range Indicator 
Method, excej)t the range A (above pH 6-2) and the range k 
(below pH 3*4), using our normal six indicators. In actual ])rac- 
ti<u^ the usual result is an acid iiulication from the u])j>er indi¬ 
ctators and an alkaline indication from the lower indicators, 
giving thet limited ranges whieh we have" recorded. The range A, 
abovcj pll <r2, has octcturrcMl only in two ease's, l-hc' ctallus of the 
sic've-platc's and Ific' c'pidc'rmal hairs (Martin, 1927). The' latter, 
howc'vc'i*, although th<\v gavc^ a dc'ep hlu<» with thymol blu<‘ indi- 
e.a,ting pH/ 9, were colourless with phc'iiolphthalein indicating 
pH 19. Again we got the series of alkaline' inelietatie)ns broke'n. 
The fe)rmer, eallus, although blue with brome)-e.rese)! purj)le 
(1>H> 6*2), gave no trace of blue with bronio-thyme)! blue ineli- 
(tating a reactie)n at any rate less than ])H 6-4. In this case also 
thej series of alkaline indications was broken. As yet wo liave not 
investigated the reaction of tissues below pH 3*4, so that in the 
more numcroiis cases where k (pH < 3*4) is recorded this objec.tie)ii 
might be uphold. It is significant, however, that tissues, usually 
lignified cell walls, which arc recorded as k always jmss througli 
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the h (pH 4*4—4*0) range in their (levolopment, wliore tiie 
Heries iH broken at itH lower end by alkaline iixlicatiotiK (k<h> 
Chap. XI). This problem awaite furtlior invoHtigation. 

The liraclical result of a normally broken mtries, arrangecl as 
an iii>per serios of acid indications and a lower si^ric^s of alkaline 
indications, "seems to us the propcir an<l conedusive reply t.o tlx^se 
theoretical objections. Strangely ossoriicd results wouhl umiouht - 
otlly Iw obtained if the rH affeete<I one form of the <Iy<‘ in one 
ease and the other form in other dyes, esj)e<dally with a s<‘ri<‘s 
of indicators of varic<I ciiemieal constitution stud) as we us<>. W<‘ 
do not get snob assorted results, but two clear series with t>he 
break indicating the pH range in a rcascniable fashion. On tlu' 
other hand both objections may apj)ly to a <!ortain <‘xten1. wlu'n* 
the indicator method involves a comparison of tintu as «listin(*t 
from colours. 

8. THE R.I.M. AND OTHER METHODS 
The Hango Indicator Method is <lcdinitely tised, not to d<*t<*r- 
mine the exact pH, but to determine the range within which 
the exact pH must lie. The general experimental error of all 
indicator methods a'pylie.d, to this material, plant colls and tissues, 
is J;; 0*1 in pH units. Tho R.I.M. enables the pH to bo deter¬ 
mined as lying in a range which varies from 0*4 of a pH unit 1(» 
aj)proximatoly (± Od) a definite figure on the i)H seailc*. 

Tho use of tho K.I.M., with all the varioun imrautiouit out¬ 
lined abm>e, in the determination of the pll of ])lunt colls and 
tissues avoids entirely the large general errors of ('■xpn'Hsing mixed 
saj) and either entirely or to a oonsith'rabk' <legr(‘(* tin* following 
en-ors which have been noUul in previ«)UH cba)>terH for olluT 
methods — 

(a) Hydrogen Electrode Errors — diuf to (‘arbon dioxidt* dilution, 
reduction, oxygen, electrode poisoning, etc.; 

(b) Quinhydrouo Electrode Errors — <iue to i)rot<‘iu, phospliati' - 
glucose, tannin and carbon dioxide dilution; 

(c) Micro-Kloctrode Errors — <luo to the above, especially eU'c- 
trodo poisoning, together with membrane format ion an<l ollu'r 
disturbances; 

(d) Comparator and Capillator Indicator Errors — dm* to 8t*lf- 
colour, dilute^ solutions, salts, j>roteins, lipoids, tempi*rut.iir<*, 
chemical changes, etc.; 
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(e) Errors of Other Indicator Methods — due to adsorption, 
tint-comparisons involving concentration or localisation of 
indicators, solubility of indicators, self-colour of cells, dis- 
j)laoement of carbon dioxide, lipoids, dielectric constant, etc. 

There remains (1) the alcohol error, and (2) the toxicity of 
the indicator. (1) The first has been considered in detail and it 
would appear that alcohol in concentration below 10% has not, 
as a rule, any violent action upon plant cells and tissues. The 
data given in the Table, p. 58, could be repeated with many 
spocios and, as there is very little colour change using DER in 
60% alcohol, it is reasonable to conclude that using 10% alco¬ 
holic or aqueous indicator solutions, determinations can be made 
of the p H of living colls juovided that the toxicity error be avoided. 

(2) The toxicity of some iiuiicators is known, but BTB, BCP, 
B(UJ, MR and DER do not appear to bo rapidly toxic to plant 
colls. Sections can be left in aqueous indicators for hours and 
become distinctly coloured long before any toxic effect can be 
detected by moans of the plasmolysis — deplasmolysis test. 

This has botMi obvious to us in many tissues and lias been 
definitely <lenioustratcd by Cl.T. Ingold for DER and MR (in the 
<q)idermal cells of Vida faba, unpublished work), and by the 
writer in the cas<% of the potato. The plasniolytic test should be 
use<l as a clu^tk in detailed work on particular tissues or cells, 
but considering the small differences obtained, it would have been 
a waste of time to spe^nd hours on such testing in the course of 
th(‘ g(Mi(‘ral surv(‘y which lias been carried out in this department, 
fn fa<*t, th<' ('xt*<‘nsiv(‘ snrv<\v work was possible only Ix^eausi* of 
the ndaiivi^ irisignifieaiue of t-lu'se two terrors. 

HAM. ERRORS 

Th<' results obt.ained using tlu‘ R.l.M. are liabU* to the follo¬ 
wing (UTors — 

1. The determination of a ])H. range, rather than a ]>oint, gives 
the same range to two or more tissues which may be really 
different in their actual pH, if the differences hajipen to lie 
within the range determined. This error is minimised, but 
not altogether avoided, by the use of more indicators; 

g. by the breaking up of the Z (5-2—4’0) range into the 
ranges e f g h i by the use of B.A.N. and B.C.Cil. 
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2. The use of indicators containing more than 10 % ahiohol in 
the earlier observations may liave resulted in a mixing of 
saps and a consequent loss of observed differentation within 
a given section. This is avoided by the iin}>roved teeli- 
niqne. 

3. The use of indicators, such as and which 

are more rapidly toxic than the others uh(h 1, may again 
have re8ulte<l in a mixing of saps of kill(-<i eeUs with 
loss of differentiation within a given section of shun or 
oth(T {)art of the plant, 

Th ('HO throe a])j)OAr to ho the only woriouH (*rrorH to whhrh 
the Ki.l.M., aH iiHod hor('., is liable. '^Phoy all r<'.Hult in a ponnibh' 
loHH of observed differentiation. On the other hand, tlio rooordH 
given in Part TIT show quite coiiHiderable diffon'ntiation, luort' in 
fact than wa.s ob.Horvod hy Kohdk using a plaHinolysis bsHt. f<»r 
‘livene.sa’ throughout, more in many caw's than was obH<'rv<'d hy 
Atkins using tint eoTn])ariH()ns. 

WHRKK DIFFRKRNTJATJON IS RFOORDFl) IT MAY 
BE TAKEN AS REPRESENTJNO A TRUE DIFFEREN¬ 
TIATION, BUT WHERE NO DIFFERENTIATION IS RE< HOR¬ 
DED THE RECORDS MUST BE TAKEN AS UTABLE TO 
ONE OR ALL OF THE THREE R.LM. ERRORS AND, AS 
SUCH, SUBJKtrrTO REVISION AND CORR E( !'1'1 ON AF^PER 
FURTHER IN VE ST IC I A^d ON. 



CHAPTER IX 

BlIFFEli DETERMINATIONS 

,,// yo^i can yneas'nre that of which you S 2 )eak, and can express 
it by a> nurriher^ you knoic something of your snbjecV ; Lord Kel-vin 
(( dtod by C^i.ARK, 192S p, J19). 

Substances which control or regulate the hydrion concen¬ 
tration, wlion acids or alk<alies are added to solutions, are called 
buffers or moderators. Some substances regulate the hydrion con¬ 
centration by removing one of the active ions from the sphere 
of action by precipitation e. g. calcium carbonate; or by adsorp¬ 
tion e. g. charcoal, colloids; or by membrane action (cp H()A<i- 
x.ANi) and Davis 1923, and also Mac Dou(}An and Mokavek 1927). 

Theoretically equal gramme-ecpiivalent concentrations of all 
monovalent acid-salt or base-salt buffer systems exert the same 
degree of buffer action at the point of maximum buffering, but 
this buffer action is exerted at different yioints on the i)H scale. 
Strong acid-salt buffer systems act between pH 1 and pH 3; 
strong base-salt sysUuns a(*.t Ixd-ween })H 11 and pH 14 (13*9): 
\v(^ak-a(*id buff(U‘ systiuns r('ac*h tlieii* maximum bufft'i* action at 
v'arious j)()ini.s b(dvv(XMi pH 3 and ])H 10, while' w('alv basc'-salt 
syst('ms reach their maximum at- various points bt'lwt'i'n {)H 7 
and pH II. Amj)hoteri(‘ proteins and oth(‘r nmpholyb's rtapiirc' 
sp(aual (‘ousideration. 

''File important individual characteristics <d a bufbu- systcun 
are, therefore, the {xiint on the ])H s(*-ale of tl\e maximum buffer- 
action and tlie concentration of tlu' buffeu*. The first characteristic* 
is determined by the dissociation constants, acidic Ka or basic Kb. 
''Fho second chai-acteristic may be determined exj)erim<mtally in 
(Mudi case. 

Buffer action is exj^lained in the standard works of hydrion 
<u)n(amtration, and here it is only max'ssary to indicate oiic' or 
rrott)pUiHina-M<jiu)graj>hi<'n IJ: Small 5 
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two salient points. Titration curvos (figH. 7—S) art* goiiorally 
given to ilUifitrato buffer action anti we liave the eqiiatiou 


[H-t]xrA-l 1 |A-1 

[HA] -[HI] Ka [HAf 

Since Ka is a constant wo have, in the rise of the pH [fig. 8 (a) (tl)J 
on the addition of alkali BOH, two factors <)})erating, firstly tlu* 
decrcaHo in |H * ] through neiitraliHation by the OH’ ions of the 


» . i I 

adtled alkali BOH, and secondly an increaHO in the ratio , 

I HA 1 

bocauHo of the formation of a salt B^A" which may diHsotnate 


Fif^. 7. 



Titration ('‘urvo of a rnixtiin^ of 10 <•<•. N H<^1 iiikI 10 <•<*. 
achl wit h N NaOH (aftrr Mkmi mo.is). 




much more freely than does tlie a<;i<l HA itstdf. TIk'H<H u>n<l fa<*t<>r 
adds dissociated A" ions and reduces the LH A) to tlu* same* (‘xtinit, 

^ rA~i 

thxis doubly increasing the ratio - - —. The relative (*xt<*nt to 

[HAJ 

which those two factors act depends naturally ujion th<‘ n^lat iv(‘ 
dissocations of the salt BA and the aci<l HA. If HA b(‘ strongly 
dissociated as well as BA, then tin* first, facd-or pr(^<lonunat(^s, as 
with strong acids [fig. 8 (<l)J, while if HA <lisHoinat(Ns nuadi less 
then does BA, as with weak acids, th<‘ second factor will pri*- 
dominate [fig. 8 (a)]. 

. The action of this seeon<l factor in the Iniffming n^gion of 
weak acid-salt systems may be analysed thus — 

[HH']_[A-:| [A-l Ka 

"[HA] ■ - •iHAVlU'j 
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rA~i 

then, Ka being a constant, the ratio governs the value 

of - and the ]>H. The increase in the pH is due mainly to 

the inoroase in the [A“] and decrease in [HA] as explained ^bove; 
but the rate of this increase in pH is governed by the rate, of the 


change in the ratio 


[A"] 

[HA] 


with the addition of alkali. The rate 
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8. ’'PitTatioii of 100 o<*. portioiiK 0*1 N H(1 and ()■ I N acotic* 

acid with N NaOH (aft(‘r Mk’II \kijs). 


of cdiangc- vari<‘s with th(' fUjfi'renvv in the coiK^iMitrations [A“ | 
and [HA], and as a siin])lo matter of arithmetic, Ka being a 
constant, this rate will rcacdi a minimum when [A"] - [HA] and 
increase more or less ra])idly in either direction. If [A“] -- [HA] 
then Ka ----- [H • ], so that the increase in ])H is at a minimum 
around the pH corresponding to Ka (i. e. i)Ka). This minimum 
increase in pH can bo translate<I into iornis of buffer action as 
“maximum buffer ca])acity’’ which occurs at the ])H correspon* 
<ling to pKa, the exponential form of the <lissociation x-on- 
stani- Ka. 
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Until rocontly (1922) only titration onrvoH (fijp*. 7—8) wort' 
consMlorocl and tho (legren of biiffor iwition wan niforn'd t-o aw th<* 
Hlopo of the curve. Naturally the meaHurement of tluH nloj)t' 
presented difficulties nn<l th(“- <U‘yTf.<‘ t»f buffer action wtis seUlotti 
j>ut into figures, with a resulting obstturity for anyone who was 
not an expert cheinisi'. I’he degree of buffc'r action was oK'asim'd 
iti terms of ratios of ihe <!onc<‘ntrations in gm. nu»lH. or gin. ions 
per litre. In 1922 however van Suykm published his classic 
contribution to buffer action an<l now we can give numerical 
expression to thesi' phenomena, with a surprising increasi' in th<‘ 
clarity of our conceptions of what happens in plant cidls and 
tissues. 


BUITER INDEX 

Van Slykb’s unit of buffer action may be dt'fined Ihiis • *• 
a solution has a buffer index of 1‘0 whim the adiiition of oiu' 



gramme-equivalent of strong acid or alkali shifts llu' pi I of on<< 
litre of the solution through one unit. 

7’he buffer capacity or bufh'r index is »‘xpr(“ss(‘d as fi an«i is 


dB 

equal to whore dB is the gramme-ivpnvalent concentration 

■per litre- of added base and <lpH is the changi' in the pll obs(‘rv<*d 
wlu'n the quantity <lli is ad<led t.o th<‘ solution of whudi t-lu‘ Imffi'v 
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iiulox in being deiermined. In actual practice the fonnida 
becomes — 

gm. cq uiv. ooiio. Imnu (or acid) aoln. added X voJL base (or acid) soln. added in litres 
pl£ shift X vol. buffer Boln. in litres. ” 

(lumparing acetic acid with hydrochloric acid, the maximum p 
value for acetic acid is in the region of-pH 4’73, while for hydro¬ 
chloric acid it is very approximately in the region of pH 1. 
Hicmombering that pH is the reciprocal of the log [H+J, th<'HO 
values are approximately in the ratio of -0000186 : -1 ~ 1 : 5376. 
This meatis that, at their rospootive maximum buffering points, 
hytlrochloric ac.id is ai)pr(jximatoly 5000 times stronger than 
acetic acid, fig. S. I’Ko biological significanco of this fact is 
(piitc clear. The living coll cannot as a rule tolerate higli degrees 



Fi'K. jo. liuffor IndexCJurvoHof Hl.roii{»a<-ifl andstroiiK I)aH<>(af<.«TKoi,i iH)i.|.) 


of acidity, 'riic buffer action of slrong acuds eeas(‘s Ixdow a r<*lji 


l ively high eoneentration of hydrogen ions (pH 2—3, hcm* fig. 10) 
and (his buffer a<-lion is, (Is'i-efore, of eoni])a.rativ(‘ly liKle im- 
]>ortane(' in biology. 'I'hal is why “bufb'rs’ in I)iology ar<‘ most 


momently referred to as »i<-i<l-salt or ircuk- base-sal( svslenis. 


MAXIMUIVI KUKFlUt ACTION 

Tlie inatiu'inatieal argiiinent d<>veIop(xl by van Si.ykfj (1022) 
is siiniinariKed boilj in Miskowitkior (1028) and (1i>\rk (102S), so 
( hat it is here sufficient to state the end point, namely (hat if a 

be the degree of disscjciatioii, 2-303 a (l--«) and ilu'refore 

<1 rt 

<lpH 

when a 0-5. • i— — 0-57(5, the maximum buffer iiulox of a 
da 
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monovaltMit acid in gin.-oquivalcni 0(>n<H‘iit.rHii»>n. 

Tn gonoral, usiug [BJ aw the gin.-equivalent of hane mhh'd and 
LSJ the total aoiil (gm.-cquiv. eono.) 

dp^ 2-;j03« (I—«) I.SJ, 

which iH at its maxinuiin when «- O’.*? ( . 0*1)70 [S)). 

The maximum buffer iiulex ft is, then^fore, governed as to 
magnitude by the gin.-etjuivalent concentration [S); for *1 niolal 
oonoentration fi •()57(i, for *01 inolal ft - *00570 ami ho on. 
This itiaximum fi is further govorne<l as to poHition on the pH Kcah* 
by Ka or its logarithmic form jiKa, sine© [H*] Knahena -■ 0*5 
(hoc Clakk 1028 p. 17). 

BUFFEll INDEX CURVES 

With weak acids, where the salt diHSociat>CK tniU'h more 
Htrongly than does the acid, a or the degree of disHociation is 
almost the name as the extent of neutralisation; the aci<l Ixung 
regarded as the undiHsooiated fraction and the salt an the disKo- 
ciatc<l fraction. In such eases a titration curve can l>o converted 
into a neutralisation curve as shown in fig. 0 (left (to-onlinaloH) 
and this can bo regraduated as a buffer index (uirve (fig. 0, right 
co-ordinates), showing in the first graduation the variation of p H 
with base added and in the second the variat-ion of fi with pll. 

Buffer Index curves are in tliis way readily d<‘rive<l from 
titration curves, where the volume of buffer mlutiou, as \\<‘ll as 
the base or acid added, is included in the data giv(*ii. Many 
earlier workers have made it impossible for otJu'rs to plot l)nff<*r 
index curves fi*om the earlier form of titration curve by n(*glccl ing 
to state the vulunie of buffer solution used. 

SIMPLE BUFFER SYSTEMS 

When only one monovalent system is huffi'i'ing it is com¬ 
paratively easy to explain the whole action by im*iiiis of a buffiT 
index curved). 

1) Tu spite of this one finds at least one investigator (llnto-K \nui ii 

1928) who is capable of prosenting curves as * ^ , using tla* svinliols 

flH 

ill a new, quite empirical, sense, bceause it is more <-<>nvenicnt an<I “just 
as useful for the purpose of the present inviistigaiion”, nppanuiily <‘ontt'iit 
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The titration curve i» plotted carefully, the tlB vahice are 
read off for each unit or half tmit of pH 3 to 4, 4 to 5 etc., and 
transferred to a neutralisation curve 'which can he graduated as 
such or as a buffer index curve by a simple calculation, as sliown 
above (p. 69). The maximum will be very approximately around 
the pH corresponding to the pKa of the acid*-). Then the buffer 

index at its maximum multiplied by 1’736 or —^ will give an 

“57o 

approximation to the gm.-equivalent concentration of the )>uffering 
ByHtom present. 

Ff greater accuracy bo (lesired it is necessary to plot the 
buffer index curve for smaller shifts in i)H. (-2 instead of 1*0); 
this gives a closer api)roaeh to the true maximum, since the 
buffer index varies rapidly and with a simple system quite con¬ 
siderably even within the range of unit pH (see fig, 8). This 
more accurate plotting may, however, be quite misleading when 
one is attempting an identification of the buffer system, since tlic 
maximal values of fi become obscured in a mixture of systouis 
unless they arc at least 0*5 of a pH unit apart. 

P0LY-BASI<5 A€ID-SALT SYSTEMS 

These are a little more complex but the buffer act ion of [)hos- 
jihates has been shown (Martin, 1927, 1928; InuoLiU 1929) to lx? 
of sx)oeial importance in plant fdiysiology and this type of buffer 
system must be considered. 

As salts of a trivalent acid, phosphates occujr in thn^e forms 
— - KjjPO.i, and IvHgPO^. '^Fhe tit-rat.ion curve of phos¬ 

phoric*. a<‘id with KOH (fig. II) shows thre(‘ regions in vvhi(*h 
phosphates buffer and two regions when^ buffer action is slight. 
l"her(‘ is first t he n^gion (n) in whicli is changing to K 

(j)II 1*2—pH 2*5); then e.oiiu'S a zoth^ {b) wlierc' iK'arly all tin*, 
phosphate exists as IvK 2 lH )4 and small additions of alkali have 
a larger effect (pH. 3*5—pH 5*0); a second buffering zone (c) occurs 


to be in isolation, and obK<*urc if possiblo any c*oinparison of tlie buffer 
indices whicli might have Ix'cn obtained by her for the wh<‘at plant wit.li 
those obtained by others for other plants or even the same plant. 

1) Acid buffers appear to lx. the. eliief buffers in plants; basic buffers 
with i>Kh seldom act below pH 7 except possibly in the <*asc of proteins 
and amino acids. 
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while KHaP 04 iH hoing chmigod by iwhlod alkali ini«> KallPO^ 
(l>H 5‘G —pH 7-8); a kocoikI Kono of i*aj)i(l iiutmiHc of pH with 
Hiuall additioiiH of alkali (rf) with nearly all the i>hoKphai<<'K an 
KaHPO^ (pH 7*8—pH lO'Si); finally there eomcH a third huffc'ring 
zone (c) where the K 8 HP ()4 Ih being ehanged to KgPO^ (pH 1I-- 
1 )H 12). Of thcHo three buffering zoneM (acie fig. 12) the upper on<' 
is seldom usod in lal)oratory j)raetiee, other Imffers giving b<stt<‘r, 



KiK. II. 

-Titration Curve of flOee. M/IO ligl’O* with M/10 KOIl. (iiimlified 

aft<>r (!i..\|{K.) 

.. Titration (lurve of Carhonie Avid, (modified after Koi/i hum-). 

(Uuingo pointH of indu'atorH on right. 

more readily calculated effeefa; the lowm- buffer zon<» is also 
seldom use<l vitro, but may be of c<>nHideral)l(‘ im])orltine(> in 
plants; the middle buffer zone is tlie most, important, poasil>ly 
one of the chief buffer phenomena in ordinary herba<u«ou.s plaiilw. 
The dissociation exponents pKa corroHj)onding f.o thc< thr(‘(‘ forms 
of acid are approximately 211, 7-Id and 12 (W> reHj)ectively 
(CxiASK 1928 p. 678). 
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Tn gonoral biology thoro is probably no raoro importaiit acid 
iliaii carbonic acid and the buffer action requires consideration, 
although many plant tissues appear to be below tho zone of 
hicarbonato-uarbonic acid buffering. The titration curve given, 
fig. 11, shows a general similarity to the upper two-thiirds of tho 
phosplioric acid curve. There is a lower buffering zone, whore 
112^^03 is being changed to bicarbonate (pH 6'6—pH 8*2) and 
this ptvsscs, with no definitely unbuffered zone, into the upper 
buffering zone Where bioarbonato becomes carbonate (fig. 11). 
The dissociation exponents, pKa, for the two stages, namely, 
C‘33 an<l 10*22, in<licato tho maximum buffer regions around 
pH 0*3 and pH 10*2. lnHi)Cction of thcHO and the second and 



tliini (HinNlaiits for ])h<)rt})haiort shows tluit the degree of disso- 
riation with 'HgPO.! "HP() 4 , Ha(X )3 and is smaller 

tlian Hull of acetify acid (i)K4'73), 

^rii<' slrengl-li of buffer soluiions, i. the huff(M‘ rapacity, 
l)uff(*r in<l(‘x, or//, dc'prnds upon ih(* gm.-(‘(|nival(Mit ooiucntraiion 
of the Iniffering syihstances, on the j)H of the sohition and lliat, 
as usual, on the temperature. laspoetion of the titration eurv(‘s 
given in figs, 7, S, 11, will show that this hiaffering (*ai)aeity 
varies with the slo])e of the curve. When the titration eurv(‘ is 
vertical, huffc^r capacity if obviously at a miuinnmi and it is at 
a inaxiniuin where the curve most nearly roaches the horizontal. 
This region of maximum l)uffer action lies around the point 
where the ratio of one member to the other mein her of the buffer 
systimi, e. g. KgHPO^: KHaP 04 , is 50:50, or taking acetic 
acid as an example whore tho acid is just half noutralisod. 
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Tho buffer value tliroughout the givt'u Hinall range of pH turn, 
ihcroforo, bo calculated in terniH of the inolcKtular concentration 
of the buffer provido<l that we know tho ratio between atuil and 
Halt, or primary or secondary pho«phatt» at each end of that' rang<^ 
This method in somotimoH convenient anti was UHod by Martin 
(1926, 1927) but, in plant physiology espeeially, it ih inii>ortant 
that comparisonH be poHsiblo between one plant or stage of a 
}>lant and another. I’lie buffer capacity should, ther<*for(‘, be 
expressed quantitatively oven in eases where the buffering siib- 
stancos are unknown.. Much a proctHiure may make it jiossiblt' 
to itUmtify tho unknown buffer system anti in any t'-ase it. always 
eliminates a number of buffers as being negligible in any part i¬ 
cular case. It is for these reasons that light-hearttul iuverHit>ns 
or variations of presentation, e. g. Huku-Karkkk (192K), are tt) 
bo avoided whore it is at all possible. 

PROTEINS AS BUFFERS 

According to tho new view (Bjukrum 1023) amint> aeitls nnti 
proteins contain a zwittor-ion and ionise as acitls or btises. Krt>m 
tho hydrion concentration point of view proteins can be tnuittul 
within limits as simple electrolytes. It should bo noted, how’over, 
that tho zwitter-ion +NH 3 RCOO~ does not conduct cloc.tric^ tuirnuit 
an<l that tho position of the amino groups in ndation to th(' 
carboxylic groups has a marked cffccd. on tin* slnnigth of tin* 
acidic characters. B.j[nuRUM has also shown tbat th«‘ strcniglli 
of the amino acids is much greater than was j)rt'viouH!y su])poscd. 
The old acid dissociation constant. Ka, was about 10 •* to 10 
(pK 8 to 10), whereas the true <lissociation c.\{)on(‘nts pK.\ nre 
2-20 for leucin, 2’61 for tyrosin, 2’08 for asparagin, etc. (s<*<' 
CIlabk 1928 p. ($80). 

Tho corresponding basic dissociation exponents pKij an* for 
leucin 9*75, tyrosin 8’40 and aH]>aragin 8*87. ^’bus aH}>aragin a<‘ts 
as an acid around pH 2*08 an<l as a base around f>H 8*87. Nonie- 
where betwTOn these two lies a point at which aci<li<^ an<l basic 
properties are equal and nothing but zwitter-ions atul lu'utral 
molecules are present. The special pro])erties of proteins <l<‘pen<l 
upon their largo molecules, colloidal condition wit.h strong ad¬ 
sorption capacity, strong imbibition (hydro(>hilic when tlisso- 
ciatod), their amphoteric chemical behaviour and the varuKl 
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positicmH on the pH Hoalc of the isoelcotrio i)ointH <jf donaturcd 
protoins (cp. fig. 13). 

In the rocont quantitative work on buffers it was a surpriso 
at first to find that protoins as buffers were almost negligible in 
t^xprosHod plant juices, but a consideration of the basis of the 
buffer capacity and the largo molecular weight of proteins and 
amino-acids makes tho matter quite clear. The buffer capacity 
is an ionic phenomenon and, therefore, the buffer capacity for 
equal weight in volume solutions varies inversely as the gramme- 
equivalent weights of tho buffers. Taking phosphate as an 
example, acts at each maximal point as a monovalent 



buffer systom ('HgPO^ or ' H or ' 1 * 04 ); tho nielooular woighf. 
of H 3 PO 4 is 98. Tho molouular woiglit, ovou tlu‘ valouoios, of 
I>roteinH are still sulqocts of disjuito but tho valency is low, one 
to five, and the molecular woigFit is high. According to J^auli (1922) 
albumin lias a molecular weight somewhere between 1200 and 
10 , 000 , casein 1000 to 3000; and globulin 10,000, being bivalent 
with an equivalent weight of 5000. Then if a normal phoH|)hate 
buffer system (KH 2 P 04 ?^KaHP 04 , acting as a monovalent buffer) 
lias a buffer index of 0*576 at its maximum, 98 gins, per litre 
would be the concentration of H 3 PO 4 ; while tho concentration 
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«)f the f^lobiiliii requirod for tho Hanu* niaxiiiuun buffer index 
Avould bo 10,01)0 if it aett'd tw |)Iu>Hj)iioric a<dd do<'B or botw<*(Mi 
10,000 and 5000 if it acts like Homo complex organic ackU, o. g. 
citric. Taking it at itH lowoHt the ratio is 5000 to OS; and ihoo- 
rctically over 50 times the •percentaye. coiUHintratlon of globulin 
is required to give a buffer ctt}Musity equal to that of phoHphat<‘, 
i. o. one j)or cent by weight of phosphate gives the same buff<‘r 
cajjacity as fifty per cent, by weight of globulin. 

'rhis partially explains how it ha]>|KmH that while O’0S% 
(or 0*1 molar) phosphate solution has a maximum buffer in<l<‘x 
of •0576," the maximal buffer indexes for I % solutions of amino 
acids and proteins are much lower; e. g. casein and gelatin '()<)({; 
albumin *004; iwparagin *0030; tuberin ‘OOS; gluttm ‘OOS. The 
]>hosphato as a buffer system, of equal weight-in-volume <«ont!<'n- 
tration, is clearly from O'O to 20 times stronger, weight for weigid , 
thou the amino-aci<l and proteins mentioned. Taking th<‘ <‘<(ui- 
valont weight of casein as 1000 ami phosphaie as OH the raiio 
is 1()’2 : I for weights, while the ratio is 1 : 0-0 for tlu' buffer 
indexes. The difference is easily covere<l by the exp<‘riinental 
errors in the (lott^minations of both eijuivalent w(‘ighti of ciuu'in 
and the buffer index of a 1 % casein solution. The agreenu'ut is, 
in fact, remarkably close an<l indicates that in «lilul<‘ solulions 
of proteins adsorptive buffering must be very slight or altogelher 
negligible. 

The above considerations make h. cl<*ar that proteins may b<* 
relatively uninqioriant buffering substance's in plant ct-ll sap, 
or expressed juices, but in the cytoplasm when* tlu* ])ropor1ion 
o£ pi'otein may rise to 20% or more the buffer eapa<*it.y of tins 
tyj)e of material is sure to bo of consUlerable importan<*(*. 

DETEllMINATION OF BEFFElt S 

Standardisation in the im'sentation of tb('s<‘ c'oniph'x plietio 
mena is extremely important, not only for eomparison of results 
obtained by different investigators or in diff(*r<*nt. plants <»r in tlu* 
same plant at different stages, but also for tlu* <*xtra<*t ion from 
the data of the fullest information. This is the maitj reason why 
the inversion of the van Slykk formula by Hunn-KAUKKit is 
to bo deprecated, but even within that author’s own prescudation 
w© can find a reason in expediency. She state's (p. 142) “'J’his 
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ratio 


[^PH] . 


is more convenient than the ratio 


suggested by 


- [ ] * —---dpH - 

VAN Slykb, since ZIB is always equal to one, and it is just as 
useful for the purpose of the present investigation”. The making 
of/d B e({ual to the invariable addition of equal volumes of standard 
alkali of acid (N /20 NaOH in this case) is certainly not always 
jioHsible and involves a departxire from the general applicability 
of the original form^ila for ^ as well as from the original mathe¬ 
matical argument. Further the same author in the same paper 
on the very next i>age (p. 143) writes “Minimum buffer action 
occurs at a different point on each curve in fig. 0, but is found, 
by re-jerence to the. corre^potulmg pH values to be always 

near pH 8*0”, A buffer index curve presented in the van Slykiq 
manner would have given buffer indices as ordinates and pH as 
abscissae and there would have been no need to refer back to a 


7 jrevious figure, since tlie curves would all have shown a dip 
downwards at a pH ranging from 7*5 to 8*2. The same author 
(j). 145) misquotes Cohn, Gitoss and Johnson (1919), attributing 
to them the statement that proteins largely dot€»rmine the form 
of the ])otato tuber-juice titration curve between ])H 4*5 and 8*5; 
wher<‘as they really assert (j). 154) that this is the c.aso outside 
that range, i.e. below pH 4*5 and above 8*5. The actual im])(>rtanee 
of tuberin buffering in the potato is considered in (UuiptcrXlV 
of the present monograph, but the above correction is made now 
in an attempt to prevent the mis-statement getting into tlu' 
lit<'raturo. 


As H itrd-Karkkk is oiu‘ of the very few plant physiologists 
to tak(^ any notice of th<' van Slykr buffer index formula this 
erilieism has giv(Mi sonu^what in (h^ail. 

Kxa(*t. work on buffc'i* aidion in jdants has b(‘en ratlu'r 
scanty. HKMPKn(1917) contributed our main knowledge of 
buff<‘ring in sueeiilents whic^h have, of course*, a spetMal j)hysiology. 
Hoacjlani) and Davis (1923) eoin])ared titration (jui*v(*s of c ell 
sap and mixe<l solutions of chloride, sul])hate and j)hosi)liate. 
Youdkn and Dknny (192b) com])ared titration curves of ap])le 
sap and malic aeid. Licuthardt (cited Hurd-Kakkkk) eom- 
[jared the titration cuirve of Mefieynhryanthemnw and glutamin. 
Other investigators, including Haas (1920), (Justakson (1924), 
Olark( 1917) etc., have recorded buffer action in the form of 
titration eurv(*H of plant juices but have given no re<?or<ls of the 



78 


(!HA1»TRR IX 


actual buffering siibstancoH (hoc alH« Nmwton 1923 for titration 
curves only). 

Martin (1926, 1927), iNtioi.n (1929) ami Armhtuono (hoc 
G hapterXTX) have recorded buffer vnlucH and hav(‘, like IImmcici.. 
identified quantitatively uh far as poHHible the l>ufft*r Hystt'iim 
present in Huiiflower, bean, potato and fungi, thuH extending 
Hhmpbl’s methods to more or Ichh onlinary plantw. 

The boHt proetMlurc, in the opinion of tht‘ writer and his 
oolleagucH. iH to plot car<»fiilly and retfoni a titration curve upon 
a largo Hoale and to construct a buffer iml ex <*\irve from that, 
UHing the van Slykhi formula according to the details given on 
p. 69 above. The dB can then be taken for pH »ih unity or as O*."* 
or 0‘2 according to the degree of accuracy ilcHircsl. It is b<‘tt(*r 
for actual identification of buffers to take dB jhu* ()•,') <*hange 
of pH, because the oharactoristic maximal |>oints of buffer act ion 
are obsciirod if those pointis are less than O’.'i pH apart an<l too 
great a degree of accuracy in the fi curvt* may giv<‘ a wrong iin- 
prossion in the search for the buffering siibstances. By not ing 
the position of the maxima of the fi curve with relation to t he pi I 
scale, it is comparatively easy to fix ui)on ixissibh' bufft‘ring sub¬ 
stances in a mixed plant sap. Further, since t.h<* maxhnntn buffer 
index varies directly as the oonwntration of tlu* buffer sysleiu. 
the fi curve of a jdant juice may indicatt' not. only the* nature of 
the buffer but also the concentration of that buff<*r (se(* < 'haps. 
XTT—XIV and XIX). The buffer action of mix(‘d buffers Ixuiig. 
comidetely an<l clearly additive*), it is possible by netiinl quan¬ 
titative analysis to resolve the buffer index of a sap in any parti¬ 
cular range into those of the constitmuit buff(*r sysbuns acting 
in that range (see (JoUyhia velutipcn in (lha}). XIX). 

The possible biiffer-systems having h(‘<‘n htdicaUd by llu* ft 
curve, quantitative analysis shouhl b<‘ us<‘<l wh<‘n* [XMsibk' in 
order to confirm or confute the suggestions of tin* eurv<‘. For 
example, if the maximum fi bo found betw<'en pH 6 ami j>H 7. 
phosphates and tlic bicarhonate-ctarbonie aei<l sysl.(*in an* possibh* 
buffer systems, but if the curve does not show a clij) het wiU'ii pll "> 
and 6 the probability is either a j>lain j>hoHphat(* HyHt.<‘m or th<* 
presence of an additional system with a maximum at. a low<‘r 
point on the pH scale, the bicarhonate-carhoiiic aei<l sysbun h<‘ing 


1) Inoolu unpublished work, uixl (iltiip. XIV'. 
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rendered less probable. Such a point can be settled only by 
quantitative estimation of the phosphate present. If the quantity 
found be sufficient to account for all the buffer index between 
pH 6 and pH 7 the other system is eliminated. The same proce¬ 
dure applies to organic acids which occur more or less in groups, 
each group having the maximal buffer indices within a definite 
pH zone e. g. pH 4—5, and pH 3—4. Quantitative analysis should 
be used in order to identify the acid and to check the indications 
of the /? curve (see Chapter XIX). 

At the same time, if investigators do no more than record 
tlie buffer index curve they make a clear contribution to our 
knowledge, and they make subseciuent comparisons and investi- 
gatioTis so ntiK4i the c^asier. 



PART III 

RESULTS 

OHAPTKR X 

GENERAL SURVEY OF TISSUE REAITIONS 

In (toTLsidoring the data availabU^ it. may ho oonvmiitml t.o 
(dawHify thorn undor the following hoa<lH. — 1. Natnral Indioators; 
2. JiiicoH of ])artH; 3. Mc^rintomH; 4. Hoacdionw awnooiaU^d with 
Troplsms; 5. Stomata; th TiBRues in gorioral. 

1. NATURAL INDIOATORS 

ExtractH of variouH plants and animals havo h(‘(m usc^d as 
indicators in o.g.litmus, orchil, cochinoal, t.urmori(\ alkannin, 

k)gwo(Mh rod wine, mimosa flower extract, oU\ {hoo Poakk 192S 
p. S^)), but wo are here concerned rather with th(\s(' and o1h<u*s 
as indicators in tdvo. 

Petals, — SoHWAHZ (1892) and Wim.sTATTnR (1914) obH(>rv(Ml 
that thoanthocyansof flowers acted as natural imlioat.ors (scm^ p. 39) 
WilTjSTattek’s data are ])H 5-5 for rose pedals and pH 7*2 for 
(‘.ornflower corolla. Haas (1919) nsod antho(\vans as natural iiuli- 
(urtors and records the following j)H vahu^s — Vi()l(t tricolor 4, 
V, odorata 5, Primula rhiNe/hsi,s 9—7, P. ohroaira iy, IIj/acmilnos 
blue 4‘5, ditto red 7, jHrilla 4*5, (^ir/ioriam irtf/hfos 3, Pcianjon i iun S, 
BrotraJha speciosa (>. 

Jaoous (1922) used l-^-hododemdrou blossom hi an luvt^sti- 
gation and ro(*,ords a natural indicator which is r<Hl, as in the 
flower, below ])H 7*0 and changes t.o violcd. or bhu^ at pH 8*0 
and above. Atkins (1922) recor<ls jilants of IIipiratajva as pink 
or blue on soils of various reactions, usually ])ink wlum tlu^ soil 
pH was above 7*5 and blue when it was 9-0 or 5*75 but with both 
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colours at 6*9, 6-2 and 7"3- Atkins, however, found that the 
anthocyan in this case was not an indicator and that the expressed 
sap of the petals of both colours (by a drop comparison method) 
was of pH 4-0—4"2. He concluded from further work that the 
l>liie colour is due to iron but “It is possible, however, that the 
aluminium, as well as the iron, may form a blue complex with 
the anthocyanin, which is pink in the absence of excess of these 
salts’\ 

Smith (1923) used petals of Ipomea Learii and records the 
anthocyan as red in the bud (pH 6), blue when opening (pH 7*8) 
and rod again when fading (pH 8). Water saturated with carbon 
dioxide was found to change the virago from blue to red in a 
reversible fashion, although “strong” acids (pH 5) were without 
influence on the tint. Mbviits (1924) and others have also used 
natural indicators for investigations on effects of external eon- 
(litions. 

Indicator anthocyans doubtless occur in many other petals, 
ft is amusing, for examine, to exhibit the field scabious, Hcabiosa 
arvH7isift, to one’s friends as a x^inkish lilac blossom and then to 
turn it bright green by fumigating it with alkaline tobacco smoke 1 
Th<% observations made by Atkins, however, should make it clear 
that red-blue anthocyans are not always indicators. 

Nectaries — McClendon (1914) observed a natural indicator 
in the nectar glands of Vida faha^ which showed red-acid, bbi<*- 
alkalin<\ ami gave rise to colour changes during the fuiu»tioual 
activities of the glands. The actual reaction is not given. 

Other Plant Parts — Walhuivi (1913) used an <‘xlraet of icmI 
eabbag(‘. M<t'LENi><)N (1914) also uot.<‘s that 1h<' n^d <*al>l)ag<’‘ 
{Pnrssira oierarra var. cffpitata f. rubra) contains a natural indi- 
(*at.or. Haas (19I(>) rt^eords re<l eabbag<^ li'aves as pH 15 -7, ra<lish 

root as pH 2—3, and r<‘d bett-root pH 3. (htoziKU (19115) foim<l 
tliat. tlu' veil be^^i^^s of Lantana involarrata hav<‘ an indicator 
with a- gri^en to yellow virago above pH 15-1>, that th<‘ berries of 
Opitntia show a natural virage imlieating ])H 9, while the fruits 
of /fandia aralcata show green al)ove ])H S-5 and red* below that 
r<^a(‘i*ion. H(?hlkv (1913) used a natural iiulicator in Vida faba, 
and ttlus writer has observed the acid-green, alkaliiu'-brown 
indic^ator of th<' bean seecl, also the aci<Ueolorless, alkaline-yellow 
indicator of the maize. 

ProtoitliiHiua-Moiu^mpUioii II: Small 0 
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3. JflTlOKS OP 1M.ANT OIKHANS 

The boginningH of our knowknlgo of thin Huhjoitt ar<* loni in 
antiquity, bcyon<i the origin of the proverl) “Th<‘ fuiht'rK hav<‘ 
oaten Hour graTxw, arui the ehibIren’H t(*ei.h Hr<‘ Hot on edg<‘”, 
■whie,h provorl) was oUl in fCzekierH time (IS’2). Hioynk (IHIH) 
rooordH that the leaves of liryophyllmn calycinvtn are ‘*a<‘i<l as 
Horrol in the morning but lowt their sour tjisie us the <lay wore 
on”. Link (1820) eonfinned the ))henomenon, using litmus 
]>ai)er. Kkat'h (1883) found similar effeets. Th<‘ matt<‘r of nwir 
tiiHto has been eorrelatt«l with hydrioneoiKMUjtrationby IIiohakjks 
(1898), Kahti-k (1898), Kahlmnbbiwj (1900), Paui. (1915— 1910), 
Harvby (1920) ami Hami>hhikb (1921). (Iuhtak.son hasn'eently 
(1924—1925) ro-oxaminod the diurnal changes of liryophylkvm, 
using the exprtwHod centrifuged juice of the young parts aiul finds 
(1925) xjH 3’75 in the morning passing to pH 5'.3 in the evening. 
ITHMeBL (1917), UnBHnA (1927—1928), aiul otlu^rs have investi¬ 
gated succulents in some detail (see dhapt^'rsXI and XV). 

The observatujns of the reaction of noritial plants tx^giu latcu* 
than that of those acid stiooulonts^). <iAtTi>ioiiAiT|> (1848) notixl 
that, using ‘los papiors chimiques’ all the fluids, raw sap and food 
solutions, of the plant were usually acid. Saohh (1802) also found 
that the sap of most plant colls is acid or sour. Waonmr (Itilt!) 
<lrcw the Juice from the chlorenchyma of Iciavt's by means of a 
fine glass pipette and used a microtsolorimetric nudJiod with 
lakmosol as an indicator. He records for the l<*af juiee of 
alba pH 5*6, Hrasmea oleifera pH 5-0.5, tSrmperrirmn llavtnuattvii 
pH 5-4, fiolanum tuberomim x)H H'S, with pH H'O for tho l iilx^r 
juice of the potato. Waonkr alHo infected the firwt two with 
Pseudomonas cam.pestris, the tHempervivum with liacilhis vulgaUw 
and the potato with Bacillus phytophthorus^ and obHerv(‘<l an 
■initial riwo of about 0*1 in pH followed by a dtM'TeaHe in ])H of 
0-2 to 0*6 units. If the plants recovered, the pH r(*tiirn<*(l to 
normal, while if it succumbed there was anotlier rise" in pH during 
several days, ending in a!i abrupt fall wh(m th<‘ tissin* <lie<l. 11 akvkv 
( 1920) found a similar rise in Jiichms comtmnuis an<l a larger ris(‘ 
in Beta vulgaris infected with Bacillus iumofacicus p. SS). 

Hukd (1924) found in wheat that ‘-infc'cdion by mildew, 
when severe enough to visibly affeet the vigour of tin* plant, 


1) ITor further data see Appendix HI, 
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results in an abnormally high acidity’*, and concludes from her 
work that 'Varietal resistance to stem rust is not related at any 
stage of development to titratable-acid or hydrogen-ion concen¬ 
tration. High acidity of the juice does not hinder attacks of the 

stem rust organism,.low acidity does not pre-dispose to the 

disease”, either in resistant or susceptible varieties. The same 
worker (Hukd-Kabrbb 1926) found no correlation again between 
pH or total acidity and resistance of wheat to Tilletia Tritici, 
Walkbjb (1923) had foiind the same for several varieties of onions 
and Colletotriohum circinan8\ and Abbhbnius (1924) agreed for 
yellow rust wheat. Smith (1924), on the other hand, reports 
that plants with very acid juiccH are immune to Bacterium tume- 
facietis. All this is in quite reasonable agreement with what is 
known of the effects on fungi and bacteria respectively of the 
]iH of the medium external to the parasite. 

Reiss (1925) records H-electrode data, for the potato, of 
expressecl juice and also an extract of the puree with two volumes 
of water. The normal tuber gave pH 6*01—6*21, while the tumour 
of a tuber infected with Synchytrium evdobiotievm gave pH 
5*59—5*85. 

(1917) also investigattMl the juice of lupine to])s, 
finding with lakmoid jjH 5*9 and eloctronictrically pH 5*78—6*03, 
with the seedling juice constant at pH 5*9. She also foiiml lemon 
juice to be ])K 2-19—2*25 and the pitcher fluids of Nepenthes to 
vary (electrometric <lata); N. paradifta being constant at pH 3*20, 
N. Tiveyi pH 4*61—5*87, and another sfiecies pH 5-51, the 
latter two rising with hy<lrogen transfusion to pH 8-15 and 7*97 
r<‘sp<‘<*tiv<'ly. KAPriON (1918) fouiul that root saps w(Te only v(‘ry 
slightly at‘id aiul givers a siu’ic's in oimIcm* of iiu‘r(‘asing aei<lity thus- 
\vli<‘at, barl<\v, oats, ryi\ dwarf l>(*an, horse* hi‘an, hi])in, niiistard, 
huc‘kwheat. StokIjASA (1924) using both (‘leetrom(*trie and indi- 
eator inetho<ls found for tin* pr(\ss(Ml jniec* of roots tin* following 
pH valiK'H — 

Tritieum. vulyarc and liordvmn diHiichon (5*9; 

t^acate cereale (5*8, Avetia Hativa ()’6, Zea ntai^ 4*4 ; 

Me.dicago ftath^a <5*8, Trifolviim praivnae 6*6: 

Beta vulgarin <5*4, Fagopyrvm esculentnm 6*2: 

Holanum tuberosum 7*0. 

All these values, except maize, are very high, probably on 
ac^couat of the hy<lrogcn-electrode errors. 
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HoAtJLANiJ HHcd tlic hydroj?<‘n cloft-nxlo nu^hotl; tho 

plant material (barley) waH <M)inmimite<l, frozen and i>reHH<t<l. 
The juice from the topH gave a definit<» and eonHtant value of 
])H 5*«8—5-S5; that from the rootn waH pH (M2--7*08 (ej). St<»U- 
lasa 6*1)) but a deereaHO in a<udity wan note<I during the meaHure- 
mont of the root jui(!<» (cfp. NepeMhen above) whi<»h w»ih Htiggc'Hlod 
to he <lue to re<luction of NOa ami the alwenoe of a Huffi<‘ient. 
buff<‘r (‘ffeot. 

TnuiMJ (11)20) found thal. liming of th<« soil reiluetnl the a<d'Ual 
aoidity of plant juie.<»«. Thin wtw further inveatigaUid by IIaah 
(1020), using a small hydrogen olootnxle. He fouml that CMpiili- 
brium Tvas more rapidly attained with sniiall ([uantitieH than wil.h 
larger quantitic^H of fluid. Ho also found that sornetimeH a small 
degree of alkalisation occurred on allowing thc% fliihls to staiul for 
half an ho\u: or more, for fresh medium re<l elov<T pH (1'02 be<*am(* 
pH 6*00; ami also that on standing for about six hours th<«r(> was 
an acidification, pH ($*12 to i>H 5'})4 or j)H 0‘12 k> i)H r >’82. 
Using the same juice he found a variation in the Mx^ond <l(‘eimal 
place which amounted to 0*02—0-04. McjHlkndon and KiiAite 
(1919) had previously recorded a change in the pH of carrot juie(‘ 
from 5"86 to 5*73 after standing twenty minutes. Thesi' (diangc^s 
may he duo to (a) chemical change or (b) the c^arhou dioxid(‘ of Hu' 
air combined with a low buffer ca[>a(!ity in that pH rang<*. 'Plu' 
main investigation by Haas was on the (‘ffeet of liming, and tin* 
results are given in Table 111 os a summary of tlie r<'aeti<>n of 
juices. A slight incrtiase in acidity with age was found to oeeur 
in corn seedlings. Haas (1920) also giv(‘s fuHh<‘r data for 
wheat tojw, partially flowering and in seed, as pH 4"82, with 
“a inarkc<l buffer action”. Ho quotc^.s as an extrt'me examjde 
of the gradient in reaction, sweet clover which shows pH 8’0(> 
for the tijiper three inches of shoot, pH 7*04 for nnnaindcr of 
leaves, 0*68 for remainder of stem to 2 inelu's above soil, 0-40 for 
lower two inches of stem, and upper two iiielu*s of root. i)-H2 for 
six inches of root below the up])er portion. No otlu'r sp<'ci(*s was 
found to show this gradient. 

The juice of swoot clover tops was found to b<* alkaliiu' by 
this electrometric methotl ami was also fouml to (‘ontain about 
.'JO % more carbon <lioxide than the relai.ivtdy aeid tops of nu'dium 
red clover. This is an inU'rt'sting exainj>le of liu* study of the 
hydrogen transfusion of the (‘I(*cd.roin(‘tric method as- affecting the 
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Table III 

From Haas (1920) — Tabic 4 (p. 355). 




Actual Aci- 


Plant 

Actual 

Acidity 

(lity o 

Limocl 

f J nice 

Uu- 

limecl 

Total Acidity 



1>H 

PH 


Alfalfa to pH. 

J)cc‘rcaH<‘ 

610 

500 

Decrease 

Alfalfa rootiK (Baltic no.550) 

Increase 

6*12 

(S-2J 


Alfalfa roolrt (doininon 



- 


Koiith Dakota no. 36Ji) . 

I leerease 

(>•12 

(s*(m 


Alniko <ik)V<‘r rootn .... 

l)e<‘reaHf‘ 

5-84 

5-58 


Alsikc^ c'lovor topK .... 

1 )e(Tea.He 

(MO 

5-28 

I >(*er<*n KC‘ 

Barlov tops. 

Buckwheat (entire He<‘d. 

1 >ei*re*iBe 

5-72 

5-02 

No difference* 

lintra). 

J)ecroaHo 

5-07 

5-*18 


(V)rn to pH. 

No<lifference 

5-10 

5-10 

Slii^lit inerc'use 

(V>rii tojm. 

No<lifforence 

r>-4K 

5-48 


Piekl peaH tops. 

InereaHe 

(>•53 

(>•80 


(larden b<‘aii lops .... 

In<‘reaMe 

5'(>5 

r)'07 

Increase 

l.fii))in(% yellow tops . . . 

Dec Tea H(' 

r>r>3 

5-31 


Lii[>ine, yellow rootH . . . 



5-80 


Medium retl clover root.s . 

InereaHe 

fr>-n7 

(5-82 

501 

5-88 


MfMliiiin r<Ml <'Iov<‘r roots . 

DcMTeaHc* 

012 

5 04 

1 >(*cn*as(* 

Mf'iliiini rt'd eIov<»r k*av''<*s. 
McMliiiin hmI <*Iovi‘r shuns 

DcMTCVlHe 

010 

() 02 

No diff(*n »iec' 

an<l p<‘li<)I<‘S. 

1 )ecrens<‘ 

r> oo 

r> (>3 

I >(‘er('ase 

Misliuni r<*(I <*l<)v<*r lojhs . 

Dcstcsisc' 

5 02 

r> SI 

Deerc'use t.lieii 





iiien'nse 

MiisfanK wlnt.(% roots. . . 

Dcstcsihc 

0 01 

r >()2 


Miisfiard, whit(» ent in* jjlanls 

DcSTtMlHe 

r>-78 

5-48 


Oat })la.ntH. 

DcMTcsiHe 

5 07 

5 *(>5 

Slijulit in<•rea^.<' 

Serradella t.ops. 

Inerease 

5-74 

5 04 

l)(sT(‘asc‘ (hen 





incrc'ase 

Tiinotliv tops. 

DcsTeaHcs 

(017 

[o*io 

()I4 

(S-J2 


Winter wheat <’ropH . . . 
Winter wheat, leaves an<l 

Dc*e reuse 

0-33 

5*05 


steinHy no headH .... 

DccreaHc 

0J2 

5-77 
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reaction of plant juicoH. Wo have already »<'o»i 1 hai«»nall «|uuutiti<‘s 
were used in order to obtain equilibrium rapully. All tlieH<*re<*(»r<lH 
by Haas would appear to bo, like iliosci of most <»th(T el<*<'i.ro- 
niotri<! (letermiiiations, data conoeriiiiig t>ho nwiclual r<’'a<ttion of 
tho juice after the removal of carbon dioxide. No evkl<*noe is 
7 )rcHented which proves that the natural Haj) of sweet <dov»*r t.ops 
is loss acid than that of ro<I clover tops; we art*, in fact, ^ivtui a 
certain amount of evideiKse, in the table of carl><>ii dioxi<l(' valu<*H 
(p. 3(12) that the hydrogen-elciotrode motluxl shows a grt'ater 
error with sweet than with red clover bectniMc tlu'H' is more 

carbon dioxide to. he reinov<‘d. 

TJie- Effect of liming on Plant Juice licactloTm. - 'I’lds ]>robU'm 
has been studied by others. Bryan (HMD) found that in g<*n<‘rul 
the Ha]> pH followed the soil pH but in corn lofs th<‘r<‘ was no 
change, and that in gen<‘ral the pH of t-he I’oot. sa|) was mon* 
closely correIate<l with that of the soil than was tl»e pH of shoot 
sap. Tkuoo ami MuAimAM (HMD) fouiul Itipiiu' to he an exception 
to tho same general rule of higher pH with liiiiini;. Ci.kvknoicu 
(lOlO) found rout sap pH corredated with soil pH, but that shoot 
sap pH was lower oir limed than on unliined soils, Haas (11>20) 
gives the rosidts in Table III an<l others; t.lie gem^ral ruk' bedding 
with exce])tions as before. 

Baukk ami Haas (1923) using various fcrliliseTs, fouml 
variations from ])H .'>*31 U) pH .'i-D.'i in corn stalk wipand 5-31 o'-tP 
in corn leaf sap. Hurd (1923) found a eonvliLtioii between nda- 
tive vigour ami pH of corn stalk sap - • St'ru's 1 April May. 
very good, pH HeriesIV Juno—.July, very good, pH o*."); 

Series IE May—June poor, pH f)‘3; Kories III May-'-July, very 
])oor, pH 5*1. There wtis not the same eorridation betw(‘<‘n l<*af 
sai) ])H and vigour; the average pH values for leaf saps Ixnng 
5*42 for vigorous and 5*43 for poor growths of the various strains; 
whereas tho corresponding averages for st.alks \v<“re pH .1*51 
and pH .5* 19. 

Abrhbkius (1922) and many others have studied the <‘ffe<-t 
of soil pH on growth without giving <lat.)t for iiiU’rtuil jtll and 
these results belong to the other st'etion of t.hi* sid>jeel. Nww- 
TON (1923) using barley, jK^as onrl beans found that th<* iiit<>rna] 
juioo pH was not deereaswl by limiting tdie supply of <‘al<*ium 
and this was confirmed for the Juice of tonuilo bv Dustman 
1925. 
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These results indicate that the relations between soil pH 
and internal (juice) pH arc complex. Probably they cannot 
be elucidated without a considerable amount of work on actual 
tissue reactions and accurate determinations of buffer effects 
along the more modem lines. 

ETIOLATION ETC* 

Hjsmpeu (1911) found that the absence of ohIoroiJiyll from 
luj)ine seedlings had no effect on the pH of the juico, but Haas 
(1920) found for corn seedlings — green tops pH 5*52, green- 
tinted white tops pH 5*85, white tops pH 0*16. This difference 
may or may not bo <luc to an increasing carbon dioxide error 
with the hydrogen electrode, there is no evidence in this paper, 
but see below. Further work by Bauer and Haas (1922) led to 
ihe conclusion that the growing plant seems to be able to adjust 
or regulate internal changes readily. 

Further work on the acidity gradient in plants was donc^ 
by Gustafson (1924) who found a pH gradient in many ])lants, 
which “is not <lue to unequal dilution of the cell contents nor 
to unequal amount of COg dissolved in the juice.” Data for the 
pressed juic^e of sunflower as determined by the hydrogen ek^c- 
tnxleare iii)por leaves 0*7, lower leaves ()*4; upper, stem ()*(), lower 
stem 0-0. Similar figures are given for other jdants. Since (Ju- 
stafson attempted to avoid the error of varying carbon-dioxide 
content, this evidence of a pH gradient is somewhat more relia!)Ie, 
hut the a(!tual reactions as given arc still subject to the errors 
of presHixl juice and are only comparative data. Similar data 
are given by Mukkrji (1927) for ex])resK(‘d leaf juice of Mer - 
ruritflis peronths — low(‘r l<*avcs pH 5*S— (rO and uppermost 
pH 4*S—'5-(). In a furtlun* contribution (Justakson (19241)) 
finds no constant relation between total an<l actual acidity in 
Zea 7naif*i, (^ncurbiia maxima^ Helianthus sp. an<l BryophpUmn 
calycinnm. He cx)nfirms very definitely tlie observation that the 
total acridity does not control the actual acidity of ])lant sap, 
finding a greater total acidity in young parts concomitant with 
a lesser actual acidity than in older parts of the same plants. 
Tlie gradient of total acidity in the reverse direction had ])r(‘- 
viously been demonstrated by Kraus (1880). 

In the years 1921—1923 Atkins j)ubliHhe<l a series of j)aj)erH 
which wore imi)ortant contributions to various aspects of hydrion 
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coiiuontration in reflation to plantH. Ht' msoKniwHl tht' prowoin'o 
of orrora in both (<lo(ttroinctrici ami (lolorinuitrus itu'thoclHf <luc 
to tho manipxilation and mixing of wipw in onior to obtain froo 
jnitso. UHing a drop motliod with c'xprcHHcd jiiico Iio obtained 
tho following valuoH — 

Tritirum seMlUnyit — root« (bH, whiUi leaf Imihc'h ami young 
grpon loavciH />'4, 

j4 t>pna mitifia — roots (b8, leaves />'4, 

Oryza eatiini — root« (bH, leaves 4*8, first ami st‘eoud inter- 
nodes of stem 5*0 

llicinua communin —stem 4*(l, leaves ami young flo\v<‘r <1*8, 
a Hootioii inetho<l on young eaiwule showe<l-wallH 4*8, 
immature soods 5*4, also pollen sacs 5*4. 

Harvay (1920) had imwiously roconled H-eleetrode data for 
RicinuH commmiia thtis — tumour 5*77, stem 5*52, leaves 5*0, 
and also Zleto vtdgaris — normal root 5*8, tumour produee<l by 
JSaciUtut tumefaeiena 0*35. 

Ronoati and QuAOLiAiaKLLiO (1921), (Irav ami Kvan 
(1921), BmswsTm and Rainjoh (1922), and others have given 
a few Bcattoro<l data eoncorning the })H of plant jtiitu's on siniilar 
linos. Pkahsaix and Ewipkj (1924) reeord data for (•xpres.se<l 
juice of rosorve organs; potato pH 5*4—5'5, carrot pH 9. 

Zaoharowa (1925) gives various pH data for part<s of roots 
(eitod by Mmviirs) the actual figures vary from pH 5*0 to |)11 
8*0 but eonsidoring the. teiohnique (sw p.37), tluiy nee<l not h<> 
quoted. Dustman (1925) givcw pH values varying from l>*r><> 
to 5*61 for tho ijrossod Juico of tho tomato. I)oyi>k and (hiiNrn 
(1925, 1928), using Atkins’ drop motluxl, obtained some inter¬ 
esting pH values for tho cxprosscul loaf-juice of conifers 
Abies jiectinata 3*7, Cedrus si)p. 3*5—IbtJ, Pirva 3*7, /*inus si)p. 
3*ti—3*8, Psewlotsitga 3*7, Tsv-ga spp. 3*4; (UtprcsKHn spp. .">*1, 
Thuja spp. 5*1—5.2, Juniftertis Hi)p. 5*9—5*4; Sequaio 3*(}, I'njplu¬ 
meria 3*8, Rciadopitya 5*0, -4m«mrw. 3*9; PodorarpuN 5*1. Crpfta- 
lotaxus sj)p. 5*3—5*4, Torreya 5*($, 7V/j'h« spj). 5*.l. Witli exe«‘i)1ion 
of Hcuidopitys, all the Abietinea(* and 'raxoilim'ue ar(* in the 
range of pH 3*4—3*8, the Chijiressineae sln)w a rang<‘ of pH 5*0 5*4, 

and ^o Taxacoao i)H5-l—5.(). 


1) 8oe also PrsirvKu (1929) where tlio H.I.M. ranges are eorr<>h<>rate<l. 
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UiiAHLA (1927, 1928) records for pressed sap of Opuntia 
phaecantha pH 1'4 to pH 6*0 according to the time of day; Bheurn 
undulatum loaf pH 2*96—3'06; loaf parenchyma of NymplMea 
alba pH 3'1, 

Nbmbo (1925) vised a special technique, obtaining results 
which apixsar to have a comparative value but which may have 
very little relation to the reaction in the tissues concerned. He 
used seeds, crushed, added to distilled water (5 gms.—100 co.) 
with 2 gms. toluene as preservative. After extracting thus for 
48 liours at 27 he filterovl and determined the i)H by means 
of a H-eloetrode. He ooueluded that acid-soil plants show a low 
pH an<I vice t^ersa; thus. 



Soil optimum 

j)H. Seed Extract 

Agrostis caiiina. 

5-2 

4-9 

Boa ijratonsis. 

0-2 

5'9 

F<»stuea prateiisis. 

(bU 


bupinuA liiUniK. 

oaleifuge 

4-5 

HordeiiJii (liHtielniiii. 

ralcieole 

I (5-4 


3. MKIUHTMMS 

'riu’s earlicsi olwcrvaiioiiK of the roaciion of moristoins apix'Hrs 
to 1)0 tho obsorvation of Haohs (IHb2) who found that most ooll 
saps wore acid but that certain tissues always exhibited an al¬ 
kaline reaction — ‘"niimlich in don diinnwandigen Zellen, welehe 
bei vollstilndig ausgobildotoji (}ofaBbundeln krautiger I*flanzen- 
teik' /.wisc.hen dein Baste und <len (JefaUrdhren liegesn.” Laler 
authors (Pkaiisall aiul Biukstuky 11)23, Biiikstlujy ll)2S, se(‘ 
Wwiiwa 11)24) liav<‘ supposed a (certain pH value for rn<‘rist-(‘ins 
as lying, likc‘ t*h(‘ tissue, between a(*id values on one' si<U' an<l U'ss 
acid values on the otlu^r. No names are giv(*n of the plants dis- 
(!uss<'><l an<l these generalisations do not- app<‘ar to rest, secairesly 
upon any wide range of observations. Some of tlie data giv^cm 
in Tabic VI would form su])port but there are too many excep¬ 
tions, especially in the 'all acid’ families. These authors quote 
Atkins for acidity in the xylem and Sachs for alkalinity in ih(‘ 
I)hloein. Readers are referred to Table VI, where records of the 
vairiation which actually occurs can be seen. There is no exi)eri- 
inental ovklenco that the pH of one tissue can really affect the 
j)JHI of an adjacent tissue, but there is a large body of evidonce 
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in HU])port of tlio iiKlo|K«i<loiHto of liHHtio or (U'll rtMU'tiontt. I’ho 
ooourroiico of very atdd tfolls and Iohh acid ccIIh in a mixed corlex 
witl) only the walla between, auitl of aharply defii«‘d acid iiHaucH 
auljaoont to lesa msial tiHsucH, e. <*i>i<i<‘rmi«. pi'i’icycU*, etc,, 
abowH clearly iluit the inUM*nal pH of «iny parlictilnr <*cU <l(‘|H>ndH 
upon the met^iboliam of thtii cell an<l not upon the pH of ndja<’eut 
celU. Moinlmine buffer effeetw ami exp<‘rimentM with var.vin>t 
roactiouK of the cxUinml m<^<lium in relation to tlu> inti^rnal pH 
of cellw Hui»i»ly a H»itiKfa<!tory explanation of thia inde|ien<ienee 
of cell-roakctiou. Thin inertHteni hyi>otlM*MiH alK<» involvt'H an 
iHOolectrio point for living plant protcdiiH, anotln‘r very hypo- 
theticiul prof)orty of tlu* cell which Im (UkcuhmmI in Chapter X\'l. 
In addition to all thoae ]>oint.H we have Hkuki,ots’ int<'reHting 
obHervatioiiH (1024) on the healing of cut potato<'H with varying 
pH valucH of the medium, <luring which he found that alkalinity 
of the buffered medium (eapoiually from pH 7-5) promotes Hnb<*ri- 
sation but rotanls meristtunatie ludivity and t hat aft<>r a snberistal 
bluok has bexm formed acidity (pH up to pH 4‘t5. th<‘ limit 
of the experiments) ]>romoUis phellogtat activity, but n'tunls its 
subsequent Huberisation (see also Hkmikkkh I02.‘>b, S«a-tion 11). 
tjAMUBL (1927), using a nucro-hy<iroquinonc clc<*tro<lt*. obtained, 
results which lend no support to the applieution of this theory 
to the ‘shot-hole’ meristems of iliseased l<*aves’). 

4. IIBA<TI0NS ASS(M‘IATKI) WITH TIIOFISHS 

(luifi ION WOOD and Hkahsau, (li)2(() stnl(‘ that "It lias Ikmmi 
found hy SoiriiiOY (S, 0) that the uppi’f anil Iowit si<l('.s of th<‘ 
stoin of broad bean (I'irirt faha) wh<*n phu*ed hon/.ontaII,\ sliou 
differoncoH in res.eti(>n (pH value*^)) ami although Piiii.i.ies . . , was 
unable to find significant differences for Virin fahtt, yet he obtaiiicil 
similar results for eorn." 

SoiiLiBY (1012) in the paper refiM-red to aliovc stales 
(pp.48n—8()) that "Sine<’! this method measun'H t he t it rat ion vnlm* 
hut not the H-ion content of the aci<], tin* ri'sidts ar<* not dir<*<'tly 
eoinparahle with the work of Fisciikh, whose conception, liesnles 
the aci<l change, involves also changes in the amount of salts ami 

1) Sec also PruiKKUii who fhids die Hitiiilar in ri>a«’tioii 

to the phloem, or evcji less iuu<L 

2) U. and P.’s brackets. 
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tho nature of the colloids, which have not been undertaken in 
thitt work. So far as the results indicate, however, they show no 
difference which would explain curvatiure on the basis of increased 
acidity, since at the time visible curvature begins the two flanks 
are of equal acidity.** 

SoHLBY (1913) titrated with N/10 NaOH using the natural 
indicator of the bean as indicating the end-point; a tost plate 
method of determining the end-point with phenol-phthalcin in 
X)roliminary experiments being mentioned. Sohlby (1920) gives 
no new acidity data but refers to the earlier (1913) results. Tho 
facts, therefore, are that Schlby (1913) found changes in total 
acidity of the two si<les of a geotropically stimulated stem but 
did not then consider those differences as a possible cause in 
geotropic curvature, and has not recorded any pH data in this 
connection in either of the two pai>crs montionod. 

Phillips (1920) found that the titratimi acidity of geotroin- 
cally stimulated corn shoots was greater on the convex side of 
tho curve, and that both titration acidity and j)H in Vida faha 
wore sometimes more and sometimes less on the t‘.onvex side of 
a ge<^tropically stimulated shoot, from + ()‘080 to —0*143 as 
determine<l by a H-elce-trode method on i>resscd juice. 

The only available consistent data concerning the liydrioii 
concentration of the two flanks of geotropically stimulated organs 
are, therefore, those of (Irkicnwood and Pkarsall (192(5). Using 
an indicator method on the juice of 3 halves 5 oms. long, crushed 
in 3 CCS. distilled water, those authors found a consistent differ¬ 
ence' of about ()*2 in tlie* pH of tliis fluid when the stems and roots 
we're’i st-iinulate'd by gravity, '^fheir re'sults may be suinmarise'd 
thus — 






lTpj)<*r j 

bower 

Uppor 1 

1 bowt'r 

Vi<'ia faha. 

(5*2- (5-3 

()•(» (> i 

<>•15 (5-3 

<5-4 (sn 

Pisum sativum. 

(5*4 

(>•2 

(5.2 

(5-4 

Helianthus aiuimis (hypocotyl) 

5-9 

«-2 

(5-2 

(3*4 


These same authe^rs record pH valuers for the exuded sap from 
these shoots thus — Vida faba 4*8; IHs-mn satvimm 4*7; Helianihus 
hyi)oc()tyl 5*7. They also give data for the effect of root exudates 
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upon tho pH of (UHtilU‘<l WHl<‘r, olaimiiiK for tluw* “pn^Htiinahly a 
Hlightly alkaline roaotiou”. 

Since all the ])H valiicH given an* within tlie <*ff<»elivt* rangt* 
of oarboii dioxide and the inet.hrKl lined, ertmhing in dintitled wat<‘r, 
involvoH (leHtniction of flu* (ti'IIn and a mixing of tlie Uhhuc fluhln 
wo are nlill without any valid flata <*one<*rning tin* <*ff«*<*t of gravity 
upon tho roact'ion of the iinHiiuH in Htiniulat<«d orgaiin. 

6. RKAOTIONS ASSOOIATKI) WITH STOMATA 

Tho hintory of Mtomatal jihyHiology lian l>(*en very adi'ipiately 
roviewotl by Wkbbr {lJ)2ftb, 192(1) and later l>y Sx’aktii (1927). 
Wbbbk’h Hiiggontiou of the action of carbon dioxhie in controlling 
tho iiH of the guard uolla and S<iAKTn'H experimental (h'lnoUHtrat ion 
of tho phonomouon, ‘clinche<r by ilu* umc of Wkbkk’h Z. I, M, in 
tho dotormination of tho 'internal pH of th(« giianl i'cIIh under 
varying conditioiiH; tlioHo have n'Miiltcd in our pn*H<*nt. ratlH*r 
Hatinfacitory knowledge of the Htoinatal apparatuH aa a Helf<r<>gu- 
latory mochanimn, (nee ahto Wkbkh 1922a. Saykk lt)2(l, Soaktii 
li>2() and Gioki^hokn 1928). 

Acconling to Soakth — “There hwiiih to b<* litth* room for 
doubt that the oharactoriHtic ehangcH in the guani <*ellH an* due 
to fluctuationa of H-ion concentration within them and that, 
these fluctuations are such as might b<* j>ro<iue(*d by tlu* normal 
changes in concentration of The range varies with tin* Hp<M-i<*s 

and oxi<onds from pH 4'R to j>H 7 upjiroximately, all within the 
range of carbon iHoxhIe action. Tin* rt'vi'rsibh* liyilrolysis an<l 
synthesis of starches which have been suggi'Mltsl ns partial I'auses 
of the phenomena are “vast.Iy too slow to aci'ount for tlu* rapi<l 
response of movement”, dhaiiges in int^i'nix'diale saceharides 
may account partly for the rapwlity, but.S(*AiiTH favours the mon- 
rapid changes which occur in tlu* hydration cajiai-ity of an amplio- 
torio colloid in tho sap of t.hc cell. Hi* gives strong evid«*n<“«‘ for 
tho ])resenoe of such a eolloiil tu-.tually in the sap of guard eells. 
This last factor actcounts not only for a large jiart of the rapiility 
of the guard coll movements, but also for the fa<*t t.haf the stiimata 
opoii both under relatively lusid and relatively alkaline eonditions. 
Normally tho ehloruphyll-eontaining guani ceils close the st.omata 
under assimilating eoiKlitions (relatively alkalitu*) ajid <»}M*n t hem 
under shade conditions, b\it at night or in prolong!**! <larktn*SH 
hyperacidity may result in the ojiening of tho stomata. Acconling 
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to our present knowledge^ therefore, the carbon dioxide content 
of the guard cells controls the pH of these cells and the pH controls 
opening and closing of the stomata. According to Scarth, the 
principal function of the stomata is to regulate that very factor 
which is j>roHumed to regulate them, viz. the concentration of 
CO 2 in the loaf, especially in the guard cells. 

6. TISSUES IN GENERAL 

Determinations of the internal reaction of plant cells occur 
scattered in the literature as incidental information, but it is 
doubtful if such data arc critical. Anoerkr (1920) and Balint 
( 1924) attem])tod to determine the internal i>H of bacterial cells, 
but the methods used were not reliable. 

A Igae. 

Rohde (1917) found Spirogyra sap of pH 5"6—5*9 during 
the day and pH 6-73 during the night, using both indicator and 
H-eleotrode methods. Ckozibr (1919) found Vnloiiia sa]) to bo 
usually of pH O-O—5.9, varying from pH 5*0—(b7. Lapioqite 
( 1922—23) found the pH of spirogyra below' 5. PEAKSALn and 
EwxN(ii (1925) record ])H (r2—7.0 as the normal sap reaction of 
Hpirogyra, The later authors do not record the tiixie of day of 
their cleterminations and Rohdk^s results are the only critical <lata, 

Atkins (1922) using his section metho<l records pH 7-3 for 
Laminaria sti 2 )e; })H 7*2 for the medullary tissue of the reec|>t- 
a<;l(^ of Fuc'Uh\ pH «•« for the stipe and pH 0*9 for the dise of 
11 immiihalia \ pH 7*0 for Uiva; ])H 7*0 for the diatom Hkvletonvma, 

Hoa<si-.ani) and Davis (1923) record pH 5*2 as sa]) redaction 
of Nitvlla^ using both <^oloriim‘tj*i(* and (‘le<*iroimdric nud-luxls. 
I'AvnoK an<l Whitakkh (1927) using a miero-H-(d<*<itn)de found 
an average value of pH 5*47, hul» consider f)H (rlO to lx* lu^anu* 
tlu^ tru(‘ value for the saj) of Nitrl/a. Thi^re is j)oKHihly a diurnal 
variation here, as in Hpirogyr,a, and both figures may i)e eornx*!. 

MissM. (Ilapham in this Department has examined Lamimtria 
tissues using the R.T.M. and rci>DrtH as follows. — 

While finding it <lifficiilt to got full indications, Miss Olapham 
gives the following values for the contents and walls of the ventral 
region of the thallus. — Ijaurencia caespitOHa pH 4*0 ca.; I^urvn- 
via panmitifida 4*0 ca,\ Chondrua crispus within the range 
pH 5-9—4*4; Dictyota dichotmna within the range ])H ()*2—4*4. 



J)4 
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Tjaminaria digitfUa 

ouIkt (“orU'X 

inner eortex 

mefluUa 

Hiipe, youii^. 

5-2 •l-H 

rt-H 

5*4 

5-2 54) 







ryi) 

«'2 

(*IU 

54) 

Atipi*, mc'xliuni ag<*. 

5-2 48 


«‘4*) 

f>-2 4'H 

stipe, old. 

rv2 

«•« 

5-2 

54) 54) 

hai)'turoii, young. 

r>4) 



«•« 5-4 

haptcroii, ol<i. 

54) 



5-2 

Laminaria saccharina 





Btipis very young. 

5*2 4H 

54) ! 

54) 

stipe, young. 

54) 

1 0-H 

5*4 

54) 


Fungi. 

Although thorc aro nuinorouH ohw'rvatioim of tlu* iiit<'rii(’1joii 
of fungi and fungal media, tlim* art* few rocortin of int<‘rnai rt'nt*- 
tion in this grou|>. Hkrrmann (I87{)) reeortls a hlueing of litmus 
paper by tho plasmodium of A«‘thtdin»i, anti th<*r(* an* at present 
no other i>ublished retsortls known to the writ(*r. 'I'ht* following 
data (Table rV) have been obtainttd by J. I. Armhtkono in this 
Doportmoni, using the with H'FH and phenol retl l*I< us 

additional indicators. 

C. T. InooIjI), alstj in this Department, tlett'rminetl the pH 
of the sap exuded on inineturing tht* sporangiophon* of 
crystallinus, by means of drop comparisons, applying the 
method of intesrpretation. The sap was alkaline to li.lMt., It.C.tJ., 
B.A.N., M.R., U.K.R., B.d.P., It.T.B. at»l to muitral retl; pink 
(pH > 7'(>) with ]>hent>l retl (P.H.) anti yellow (pH 7"-l) with 
cresol retl. The actual pH lies, tht*rt*ft>rt*, in the rangt* pH 7'<) 7-1. 

It will bo fsloar from an inspeetit>n t>f Table I\' that the t issue 
roactions in the fungi examinetl are highttr than is t-ttinnitni in 
flowering plants (see Table VI) anti that then* is little tlifferen- 
tiation. TDxoatipooiHypholmna faHcicHlarc, t>{(’Iitor i/hc, of l,artarin.'t 
and of Panu8\ tho hymenial layers t)f the iinmaturt* ArmiUnrUi 
me.Uea and of Gorti-tuiriuH violacr-UH are tht* eliit*f variations found 
within tho same fructificatit>n. Ijrolia sht>wetl inixetl ti.ssut*- 
reaetions. 

Jiryo'phyta. — There are no previt)us rt*trortIs t»f intt>rnal pll 
values for this group, but a few of these plants have bt*t*n invt‘sti- 


1) The inner cortex showetl a buiitl of pH B'S 4*8. 
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Table IV 



Soil 

pH 

pH Values for 
Tissxies 


Species 

Stipe 

Pilous 

Hyme- 

nial 

Hlyers 

Notes 

Coprinufl atramentarius 

6-5 

D 

D 

D 


„ mioaceuB (young) 
„ „ (mature) 

|7-6—7-8 

b 

b 

b 


Armillaria mol lea . . . 

5*6—«0 

(1 

C 

a 


(young) 

J />*2 on . 

u 

a 

0 


(mature) 

a 

a 

a 


(lavaria ni^^osa . . . . 

«0—(i'6 

C 

— 

C 

T. H. fruotifioation 

„ (loniioulatufl . 

70—7-2 

n 

— 

B 

99 99 •» 

Typhula inoaniain . . 

(5-0—6-2 

a 

— 

— 

99 »f 99 

Mycoiia vulgaro . , . 

— 

a 

n 

a 

fleshy forms 

,, pura . 

6-8—7-0 

a 

a 

a 


Laotariua blennhis . . 

5-6—6-0 

b 

c 

c 


Cortiiiariurt violaccus . 

5-5—6-0 

Cl 

C 

a 


Amanita musoaria . . . 

— 

V 

C 

V 


Hypholoma fafl<‘.ioularo 

60—6-2 

e 

a 

ai 


Aj^arieuH (*anipeHtriH . . 

5-6—5-8 

a 

a 

ai 


C^litocybo laccata . , . 

60—6-5 

C 

a 

ai 

^ leathery 

PainiH torulosis .... 

5-5—6-0 

C 

1) 

b 

J forms 

(lollybia radicata . . . 

5-5—60 

— 

a 

ai 

j 

PolystiotuH vorsioolor . 

— 

a 

a 

at 

\ tubes. 

Polvporus Hp. 

— 

a 

a 

ai 

J woody forms 

Xylaria hy]K)xyl<)n . . 

- 

a 

— 


) 

lj<^otia (‘hloroc(*|)ha1a 

5-5 6 0 


(N- 

<• 

caail n‘ of pilous 

Ii(‘lv<‘lla crispa .... 

6 .5 7 0 


(’ 


6-2, pe-riphery 
.5*6 

'I’ho lot-tor |{ is us< 

i*i{ for pll 

6-2 5. 

0; V fo 

r pll (i- 

2 appiox.: 1> for 


pH (S’K -(5.2, ill <*xU>iiHioii of t.hi* R.I.IVI. notation witii tin' oho of lirotiio- 
thyinol blue, ItTlJ,, and plionol roii l*H. a - ca. pH fi-i). It pH 5-0 
V <11. pH 5 (5, p - - pH r>-2--4 «. 

gat.tHl in tliiw l)oj)artment by MIhh M.,I. Lynn. Differentiation 
iH not easy to find but the following have been noted. 

MarcTiantia j)ohpnorpJui. — ThalluH exceiit air-chainb<‘rs 
])H 6-2—4.8; rhizoids, both iypcH pH 4-0. 

FegateUa roniea. — thalluH ex<!Cj>t air-ehainbera pH 4'4; 
rhizoidH, both types pH 4-0. 









DO 
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Polytric-hum commune. — J^afy Ht<*m hHowh - opidcnnal 
wuIIh k, conUmiH pH 4'4 —4-*0; cort<‘x pH 4*4 • 4‘0 ; lopi<ini<' <'<>n- 
toiitH pH 0-2—5*$) (B): hytiromo niatitlo conttMiiK varuil from li 
to f (pH 5*2—4-0); liydroino whUh k. 

Pieridophyta. — Thort* art* again mi pnwiouH r<>cor<iH <if 
internal pH valu<*H for ihiH group, ami a f<*w of thnw* plantn have 
bnnn Himilarly invt<siiga1.o<l in thiH Dcpartinoni by Mihh M. .J. Lynn. 
I)iffnrontiat.ion waK Homotinw'H morn «‘xten«iv<‘, ami in ICt/iiitiiinm. 
as in Potytrichwi, wan v<*ry intoroHting. 

KquiHHitm ttiaxhn um. — ■ Taking S for D<‘lf-(*oloiu‘ tin* f<ill<i- 
wing valucrt wnro imlioated —- 



Kpid. 

0. (J. 

X. r. 

BflllM 

liiiiuir 

vikU. 

oanitl 

Kn. JL 

i 

Pretio* 

pbl. 

lut.xvl. 

I'ilh 

Stem Int(‘rno<lo . 

s 

s 

;rH> 

c 

H 

b 


1 

0 

Hhissomo .... 
StrebiluH young 

s 

s 

d 

e 

0 

a 


I 

i 

1 

0 

axiH. 

s 

e 

e 


0 

a 

(• 

! 

0 


The Bporangiophorc, vary young, ■ - Hht>w«‘<i rowH of i-nUn in 
Htalk and Home ooIIh in head with v(‘ry arid (pH 4*0) conttMitM. 

{^flaginctla truirtcnMi. — Tho Hlotn show<‘<l thn rpbh'rmiK iiml 
all tho cortex in the range pH n’2 - 4‘H: p<‘i’i<'y<d<‘ «ud pblo«M» 
pH 5*D; xylem walla i. 

Aspidium filix-9Ha». — Young ra<'hlH was all in tln‘ range 
pH f)'2-~4’8, with no clear <lifferentiation. The rhizoim' waw 
(txacily the aainu. 

Asplpnium niviparutn. — Th<‘ tip of th<‘ young raeluH «ho\v«'«l 
epidermiH and ramenta pH \ .')■2, eortex at jill o-d; <>ndo(l<*rinis. 
])erie.yole and phloem pH /O'D; jirotoxylem walla h. 'Pin' base 
of the young raehis was similar except that the emhxh-rniis, 
porie.yclo and ])hloein showed pH .')•($, The liasc* of the ohi raehis 
was more acid; with the epidermis self-eoloun*d, ont<*r ami inn<*r 
(lortieal parene.hyma contents in rang<‘ e, s<<lercn<-hyrna walls k; 
endodermis, i)ericy<d<‘ ami jihloem pH .')•2 (Z). 

OifmnosfKrniac. — The only published data of int«Tnal pll 
for this group ajipoar to be those by Dovi.K ami ('i.iNcu <in «>x- 
]>ressotI juice, of leaves, see j). KH. 

Miss Lvnn has investigate<l a few' <*xamj)lcs of this group ami 
reports as follows. 
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Pinua auatriaca — stem (two years old) — walls of epidermis, 
hypodermal sclerench 3 ntna and xylem k; phloem parenchyma and 
pith pH 5-2—4-8; some cells of inner cortex pH 4-4 ca. ; leaf—walls 
of epidermis, hypodermal and bundle sclerenchyma and xylem k; 
contents of endodermis pH <3-4; mesophyll self-coloured except 
some cells clearly at pH 6-2—4-8, 

Taxua baccata form faatigiata — stem (two years old) — walls 
of epidermis and xylem k; contents of epidermis and phloem 
parenchyma pH 5-2—4-4; contents of many cortical cells pH 4-4; 
contents of many cells of pith pH < 3-4 : leaf-cutin and xylem 
walls k; acid colls pH (4*0) scattered in epidermis, mesophyll and 
bundle sheath. 

Flowering Plants. — Tissue reactions in the flowering 
])lants had been recorded previous to 1926 mainly by Rohdb, 
Atkins and Pfxiffbk, A general survey was made in this Depart¬ 
ment during the years 1022 to 1927, and some of the results 
have been published as a series in Protoplasma (see SMAnn, Rba, 
Martin, Ingold), These results form the basis of this and the 
next few chapters. 

Miohablts and Kramsztyk in 1914 gave data for certain 
animal tissues. Rohok (1917) followed with one of the most 
careful accounts yet j)ublished of tissue reactions. JHe used very 
dilute indicators, *5% indicator solutions diluted 500 times wdth 
water, on iininerse<l sections, ami also a H-elecirode method on 
filtered pressed juice. The indicators used WTi-e luuitral r(*<l, 
meiliyl red and methyl orange, and a jdasmolysis tc'st. was ap])li('d 
for the final living condition of the c(d]. His r<‘sults may b(‘ surn- 
maris<Mi as follows — 

1. Plant. c(‘lls witli a lUMitral r(‘a<*tion — 

|>r<\ss<‘<l juic<‘ an<l 1 l-<'I<*<*t.ro<l<‘ ---carrot 7*35, asparagus 7*2; 
bi’oad hcan ()-92; Hpirogi/ra (>-73 (at. night ); witli in<li(*ators 
pil 7—0-5. 

2. I^laiit cells with an aci<l reaction — 

pressed juice and H-olectrode — unripe apples 4‘5; unrij>e 
g(K)Hel)t%iTies 3-27; rhubarb leaves and petiole 3*09; white' 
(tarnation, epidermis of flower 4'9—5*9; white tiilii), ej)idermis 
of flower 5-2—5-5; with indicators pH 3*09—5*5. 

3. Plant colls with acid or neutral reaction — 

this group includes a series of white flowers e. g. hyacinth, 
narcissus. Magnolia Yttlan, Trillium grandiflorum, ""Mai- 

I’rot (>plaHinn-M(tn<tgrii]>luon II: Small ^ 



9R 
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glffcJecJie7i^\ ox-oyo claiwy, true chatnoniilc, <l<)j< <;harm)tniU^ 
snowdrop, crocus, c?horry, apple, p(*iir. ^Pho ej)HlernuH was 
found by l^om)K^s seciion-ininu'rsion nudhod to b<* usually 
slightly alkaline or ncMitral, smHll-<*<*lled su!>-epid<u*tnal 
]>aren(diyina with strongly acid stripers, acid vascular st rands, 
and botwccui the acid stripes a larg<j-(‘cdled partuudiytna 
with a reaction similar to that of tin* c»pid<^rinis. 

4. A series of observations on itidieator antluK-yans o, g, Ix'cd - 
root, red (iabbag(S billxuTy etc,, and a s(‘ri<"H of obsc^rvations 
on the behaviour with acid and basic <Iycs of naturally 
neutral and acid tissues in buffi'^red solutions of lovvm* or 
liigher pH respccitivoly. 

The pH data for tissue rea(*.tions reconled by Atkins (1922), 
using a similar immersion method ami various indicators, in<*luding 
the very useful di-ethyl red, may be sumnuiris<xl thus 
jSlalvia verhe7iacea — sclererudiyina ami hast fihn*s . . o'2 r>'I 


wood walls .r>’4 odi 

medullary rays and parenehyma. tbO 

Oochlmria armoracia — sckTciiehyma and vast*, huudlt's idi 

parenchyma of stem . trO 

parenchyma of Ic^af. o* t 

Tararacum offityhialv — sttun. Idi 

loaf-part»nehyina. feS 

midrib. -rti 

ro<)tsto(*k-medulla.. o-t 

Jat(‘x canals.4-1 4*s 


“"Viiscular bundles much the* samt', but not 
quite as acud as the latex, which gavt* a more 
purple tint with methyl rtMl.” 

A-mignUis arc^ensw — stem-vascular bumllt^s. r»*2 

])ith. rc2 

RAMruTOLi (1927) retjords leaf inc*sophyll of /Vx////.v launH'vrasiis 
as pH 5-0—6*0, usually pH 5*7- -5*H; lamina uniform f«>r jmy 
])articular leaf; miero-hytlnxjuinone im^thod. 

PfeiKFER (1925a) dtwistxl another stx*tion-immm*sion nudluxl 
which eliminated the use of two-colour indicators and also of 
standard buffered com]>arisons, ami latiT (1927) publishtxl a st'ric's 
of pH values for tlic absta'ss layer of l<*av<*s aft<T frost-fall. 

spp. 4-8—5-2, /it^f/cte/aspp. 3*9—4’3, Azali*a Ac^Hritltts 
sj)p. 5*4—5-S, fijehaveria sjip. (b2—0-S, (UdghdoN (b9 7-1, 
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Fi'Bors'BR (1925b) also investigated the internal pK of plant 
tissues from quite a different point of view, considering in detail 
the relation of the form of calcium oxalate crystals to the ijH of 
the medium in which they are formed. 

According to PFBJiFraiB (1926 b, pp. 66—67) we have an 
equilibrium of various oxalate forms thus — 

0 aCa 04 + HjCaO* 5=^ Ca(HC804)a 

with a dissociation constant 

^ _ [CaCa04HH^4j ,,, 

^ [(Ja>H] [HGa04-]a. 

and also H-< HC2O4- 

with a dissociation constant 


K. = 


lHa(l204J 


KaLH ' 1 


rH33C)4l 

|HCV)4-1 


( 2 ) 


LHN[H(;a04-] 

Now if we take X as tliat ])art of the solubility of C 1 a( 1 a ()4 which 
is imlependentof [H'l |,and the total solubility as == X -f- [Cla* ij 
we liave in ( 1 ) (-a (J 2 O 4 = X and substii.uting tiiis value aiul also ( 2 ) 
in ( 1 ) wo have 


AKaLH+l 

and iransfoiring |C/a' '] 


we hav<‘ 


[dal IJ - 
tlieu ■■ 


AKa _ LH^J_ 

Ki'cWvVj 

Ki rHd2<)4 


(3) 

(4) 


Brinkman and van Dam ((•id‘d rx])CM*iin(Miially 

found 1 li(‘ ,, I josliclik<‘i1 sprodiikl." | (\*i • ' | |<V)i | C'onslaiit at 

'ooo indliinols poi* litT'<‘ at 


W<‘ <*a.n, t tak<‘ A, Kj and K*, in (4) as (*oi\stauts 

an<i t.h(‘ total < \a ' * in solution as oxala.t.<‘ is tluai s<‘(mi to 

niiiUMl l>y I H ' I an<l | in tin* form nf ilu* ***dao J . 

1 D' a'^4 I 

W<‘ can r<»n.lly fnrtlu'r l.han PKiciirKKR, sincH' tli(‘ form of tlu' 
fini<lam(‘nt.sil (‘(juatioii for t.h<% oxalate* or HAH tyjx* of aciel is 

[H'llAH-l. I |AH*'l 

* IHAHl ‘ ’IHM KJHAHl 
and th<M‘<dore‘ wla^rc' tlu* total conc(*ntnit.ion of A in all forms 
is constant, (as \v<dl as Kj) the con<*(*nt.rat.ion [AH ] is ^ov(‘rn<Ml 

7^ 





11)0 


(iHAPTKll X 


Tahcliarmch noien (iMiHzugHWoiHc) <i<‘r an- 




kon7.(*ntritTto Ha<Ja<>4 1 konzoritrirHc (?aN(>a. 

koiizoriiriorio | vordaiuii<‘ ("aNOa. 

vonUiiuit^j Ha<*a^>4 1 vcnHJinnti* daNO#. 

vardUnnit^ H,(Ja (>4 1 Htilrkor vordiittido <*rtN<)8. 

Hl>&rkor vordtiniite I* koiizeiiiriorto (^iNOa . - . 

Ht&rkor vorcltiniite HaO *(>4 vc^rdiiuiito ('nNO,. 


pH 


1: 'Aunniv, von 

. . . -1,4 

. . . r>,H 

. . . «,4 

, . . 7.0 

. . . 7,0 

. . . K.4 


Jeon7-01 iiriertc‘ Ha(^a04 
koi 1 7 -(*ntriorl<' T IJ. 'a04 
kon 7 -euirit*rtc HaC^a(>4 
viTdihuite Ha(^a<>4 
V(‘rdruiiit<* H404()4 “ 1 - 
verdfinntc Ha(5a04 + 
vcsrdi'iniite HaC2aC>4 -f- 
verdiiniite HaCJgO* -1- 


KxpiTimont 2 : S^ukiiIz von 


-|- vordiSinito H Spur IHH . . 

vor<luniit(* I Spur H(*Ha(‘Oa 

|- fant konzontricTt <• ('a(!Ia. 

Hohw&<*h<T vordiinnto (kU'lg. 

Htilrkor vordOiiiito . 

Htilrkor vonirniiito C’nCOa. 

Htilrkor vor<ICiimto . 

vordUnnt<* C!ii(’la 1- Spur IINO^. . , 


4.2 
4,0 

r>,2 

0,0 

7.2 
7,8 

8.2 


kon 7 -oritriort<' Ha(V04 
konzoiiiriorio H gC ’a( > * 
vonluniito Ha(V^4 I 
konzontriorU* Ha^^a^-^4 
vonliinnto lfaC*a^>4 
vordOnnto Ha<^a^^4 "h 


KxporinuTjf 2: 

konz('nt.riorto (‘aSO^. 

“1 HohM’iiohor vordiiimlf* (’aS <>4 . . , 
vord\innt4* (’aSOj -\ Spur lUM . . . 

1' Hiarkor vonlCinnto ('aSO^. 

Hohwil<*hor vordCiiinti* (^aSO*. 

Htilrkor Verduntiio C*aS <)4 . 


>-UHat/. von 

. . I :t,o 

. . j 4,2 

4.K 

. . 0,8 
. . 0,8 
. , 7.4 


konzoiiiriorle Ha^'aH 4 
HC!hwil(dier vonliinntc 
konzoniriorte Ha ('204 
Hohvvilclior vorclunnte 
Htilrkor 
sUlrkor 

Hiarkor vordiiiinto Ha(‘aH 4 -| 
- 1 - Spur HNOa 


JOxporiinent 4: ZuHiit 
konzontriorte (C^aIIa 2 ^^i . . . 

-I koiizoiil.rirrto ((IjjHjjOjj (’aO) 

+ vorciiinnto (<\aH2j<>ai ('«<>). 

Ha('a 04 4 vordiinnlo (<I,aH 


* 22^11 (t*aO) 


vordunnt<‘ Ha^*jH 4 -| v(«rduiiiitr ((’lallaaHn ((’aO) 

vordiinnlo H2^V>4 I Hlilrk<T verdunnto (('131122^1, (('aO) 


Hiarkor vorduniito ((’ia*Ua<>ii (<’»<>) 
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0,2 
r >,8 
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7.2 
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1) OaloiunimonoHaocdmrnl (Ucpior <*uloiH HaccdmratUH) <^rhiLl< man 
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gedtellten orgaiiiscken Experimento wiedergogelton: 


o/ 

/o 

Kristallo 


mono- 

klia 

tetra¬ 

gonal 

druaig 

Calciumiiitrat 

zur Oxalsanre 

98 

2 

— 

monoklino Kristallo von orlicblicher GrOfio 

88 

12 

— 

weiiigcr groBc moiiokliiie Kristallo 

48 

52 

— 

— 

5 

87 

8 

klciiio tetragonale Kriatalk* 

— 

94 

(5 

— 

— 

97 

9 

groOo tetragoimlc Krintallc 

(JaU'inmchloricl zur Oxalnauro 

99 

1 

— 

moiiokliue Krintallo aelir groB 

98 

2 

— 

moiiokline Kriatallo aohr groB 

95 

5 

— 

monoklinc Kriatallc kleiiier 

70 

24 

— 

tetragoiiale Krintallo groB, inouoklino kloin 

44 

48 

8 

ilhnlich wie vorige 

2 

70 

22 

totragonalo Kriatallo zicniilich kloin 

— 

84 

1 

— 

— 

78 

22 

— 

(‘alciumHulfai 

zur OxalHtlnro 

99 

1 

— 

monoklinc KriHlallc niittolgroB 

9(5 

4 

— 

monoklinc Kriniallc groB 

94 

(5 



78 

22 


t.(»trag<>iial<‘ Krintalh' nut((4groB 

54 

9(5 

10 

((‘tragonah' Krislallc gniB 

12 

82 

1 

t<4'rag<)nal(' Kri.stalh' initti^l^roB 

<'al<-iumni<)ii<)Ha<’<4mrat.') /-ur OxalKaiin* 

72 

28 



(58 

92 


jnonokliiM* Krislalit* zicnilich groB 

44 

52 

4 


2(^ 

58 

10 

DniHC'ii Hchr k!(‘in 

5 

84 

11 

iiioiioklinc Krintallc uberaun klciii 

-- 

91 

5) 

iciragonalc Krirttalk* groB 

— 

9(5 

4 

(.(‘tragonah' Krintalk* niiU-clgroB 


(lur(*]i 1 von I vol. ('t>(OJH)s, 2 vol. C'i»H 2 sOii ainl 20 vol. HjO iiiid 

uaoh oiniK<*ii S(iun<l<*n. 
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()IIAI>a’KU X 


by • - Thcrcforo wo can Hay that tho variable fa<*( «)r (at <*oiih( ant. 

1.H '1 

teinporatnro) whioli j^ovoriiH t.h<‘ total Holiibility of a o«)u. 

(ioniration of calcium aK oxalat'O in [Hi |. 

Pkkikfkk (ibid.}». 71) })roccc<lH to (IImuihh the relation of 111 ' ) 
to the cryHtal forins of calcium oxaIat<> an<I fiiulH that t.he j)ere<‘ut- 
ag« of the variouH cryHtal forniH varu^H with th<‘ pH an<l with 
the medium. Ah tluH method ])roiiiiKeH to be of mime coiiHid<‘rabl(> 
usofulncHH in tiHHuo rcHoareheH the tabular Hititement of i/i vitro 
roHultH is extratitol from Pkkifkkk’h }>a|M*r (h<‘<‘ pp. 100 lOI). 

ThoHO roHultH hIiow that, whatttver nutdium be lined there in a 
largo poroontago of large monoidinic! crynialH, wit.Ji wry f<‘w mttoU 
tetragonal cryntaln and no ilnmy cryntalH at all, formed bidow 
pHT 5*0 (rod with M.R.); while the percentage and nize of mono- 
olinio forinn dccroaHO, both ])orcentage and HiKt* of tidragonal 
orystaln incrooHO with increaHo of pH beyoml fl-O, druHy cryHtalK 
appearing in Hmall jiroportion only at or ab<>v<‘ i>H fid). Abovi* 
jiH 7‘0 practically all the cryntalH aw tetragonal or dnmy. 'I’he 
monoolinic forms includo raphidcH aiwl th(‘ Handy eryntaln of 
Rubiacoae and Holanaceact; while the tt^tragonal fonuH iix'Iude 
the ootohwlral typew of oryntalH (dfcAVKK 111 p. OH). 

Tomiierature ohangoH within tlie plant being slight, thin in- 

fluonco in the natural crystalliHation of calcium oxalat<‘ in plant.s 

may be diKcminted. Then Kphaeni-aggregat'CH an* seen to indicaft* 

a pH of 0*0 or over; largo monocJinic cryntalH with no tetragonal 

foriiiH a pH of 5-0 or under; large tetragonal cryslals with or 

without Hj)haoro-aggrc<gateH with no monoclitiie foriuK u pH of 

7-0 or over. Pkkikfkk diHiuisHes tlie action of diffiiHion on the 

total concentration of calcium and concIu<Ies that tin* '/.onal 

diHtribution of calcium oxalate cryHtalH in plant- p<*rid<>rm (si'cond- 

ary cortex) is due, not to a zoning of pH but to tin* LtK.sicoANo 

ring phenomena, which controlH the total concentration of calcium. 

H<i given no new data for definite plantH hut HUgge.slH in his 

Kummary that “Jii the seeoinlary cort.t*x of plants t.lu* i'(*uctioii 

shows a maximum on the aeid (pH 2*4—JbS) and another on tin* 

basic (j)H 7*2—S'OV) flank of the protein iHo-eleetrie jioint”, ninl 

that. “The actual acidity of the cells of tin* seeoinlary eorti'x, 

ospocially during its development,.is continually <*haii- 

• 1 • * 
gmg’\ 
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7. R.I.M. GENERAL SURVEY 

III iwWitioii to these somewhat scattered observations there, 
is the series of observations made by means of the R.J,JVI. by 
Kea and Small (1926). In that series some one hundred and 
sixty-four stems wore examined, mostly flowering stems and mostly 
of different species. Sections were taken from the upper, rnhldlo 
an<l lower portions of each stem. The records for each portion 
of each stem wore kept in detail but analysis of the results shows 
no very significant differences correlated with the portion secti¬ 
oned. For example, the reaction was the same for all throe 
portions in 102 cases of epidermis, 91 of cortex, 79 of endodermis, 
S8 of poricycle, S9 of phloem, 150 of xylem, 65 of j)itli in the ray 
region, and 77 of ceni-ral piili. Further, taking all figures below 
5’3 as acid an<l all figures above pH 5"5 as alkaline, the ana¬ 
lyses show no very significant variation so far as u])per, middle 
an<l lower j)ortions arc concerned, sec Table V from wliich inde¬ 
tormina to ranges are omitted. 


Table V 




Alka liras 1 


TiHHues 

— 

.. _ 

. 



ITppcr 

Midtllo 

Lower 

Upper 

Epiticrniis. 

20 

31 

26 

115 

Suh-cfaderniis. 

50 

57 

56 

S4 

(\)rtex. 

75 

SO 

74 

64 

EiMlodf'rrnis. 

5<5 

61 

(>3 

7S 

I*eric . 

2S 

32 

21 

75 

IMilorni ... ... 

3S 

17 

19 

9S 

X\l<'rn . 

1 ^ 

3 

3 

1()0 

Pith, rnv. 

! 01 

r»K 

()(» 

(i3 

Pith, <‘<‘ntral. 

ll 

19 

57 

53 


Arid 

Middle 

109 

7H 

59 

s;i 

so 

1(')0 

59 

1<> 


Lower 

103 

<>2 

•14 

(>1 

106 

SO 

159 

72 

33 


'14ns inv(‘st igation bassinet' bet'ii t'xltMidt'tl by llwA anti Small 
to 193 spt'fit's an<l 203 sttuns, aiul Ihv foUowhig /.s the fi7\sf 
CfftioN oj the re.si(/tfS, which are combiiit^d h(M*<‘ with su(di of t.lit' 
first- st'rit's a.s wtu’t* not rt'vist'd. As Ix'fort*, sinct* there is no im¬ 
portant. difft'i’tMict' shown by tht' Ihret' portions of tht' steins 
us(m 1, t-lu' data for tlu'st^ port ions have* btxui comhiiUMl in t-lu' publi¬ 
shed r('(x>rd, th<‘ iiuhderminatt' ranges bturig omitted. By th<* usc' 
of I)onzene-azo-«-iiaphthylaiume (BAN) and hroino-cresol green 
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CM 


PM 


PM 
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■A 
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FagUi^ sylvatica. Z Z b bZiZ Z Z!b b (hypocotyl) 

trtica dioica. h 1» Zb Zb ‘ Z Zb Z bZ b (vg. veg. stem) 

Rumex acetosa. Z Z Z Z Z Z Z ZbbZ firg, stem 

R. aeetosella. Z Z Z Z'Z Z Z Z Z do. 

R. c^ispu^.e li h h I hk h hk eh eh do. 
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fi-2. a 5-9.1) 0-9—5-fi. (■ ■>•«. <1 4-8, f 5'2—4-8,! r)-2—4-4, g 4-4, h 4-4—4-0, i 4*0, k <3-4, Z 5-2—4*0. 
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I Hi 

(BCG) the Z range f)H 5-2—4-0 haw l>e(‘n split up in many eases 
into e (i)H r>-2— 4-H), g (pH 4-4), h (i)H 4*4. 4*0) nr i (pH 4*0). 

The ranges indieaied hy one hd.ter refer to ejis(‘s in whieh th(‘ 

three seetions from (wdi of th<‘ three portions eitheu* gavi* th<‘ 
same* roaeition in eve*ry sendJoii or, hy n^ason of one* or more* of 
thri indie^ators failing to give a dejiniU\ colovr, one* or more* of the* 
seetions gave a wide range* while the oth<*rs were d(*finite and 
the same for <saeli seettion. In the eases wlK*n* more than one 

rang<'i (l(*tter) is givt'ii i.h(*r(‘ was a d(*finit(* variation from one 

]H)rtion to anotlu'r of tin* st.<‘m, or a di*finite variation from cell 
to eell in the sam<* tissue in th(* sain<* s<‘(4ion. Wh<‘r<» it eouhl h<* 
det»erinine<l definit<‘ly as t*onfin<*d to the wall, a diffc*r<*nt pll for 
that i)art of the eell is indieatecl hy a l(*tt(*r wdth a small \v add<*d 
thus hw. This distinction, how<*v<*r, reejuires ]>IasinolysiH or otlit*r 
s]>e(*.ial treatment and tin* aim of this stirvey was to i>rovid<* a 
gen<*ral basis for the sel<*etion of <letail(‘d work on |)arti<*ular 
j)roblemH. 

The so-called 'acid’ range lies Ixdow pH f)*;}. 'Flu* so-ealled 
‘alkaline’ rang(* lies above pH r>*5. This division was, and still is, 
considered suitable for a g(*n<*ral survi'y of plant tiss\i(* n‘aetions 
in t.be Angiospernuu*. It differentiat<*s tin* 'acid’ fa.inili(*s from the 
otliers OH described b(*low and may in the (*nd prov<‘ more* ns<*fnl 
tihain 21 ehissificaition haiscMl upon t he* hypothe*! i<* 2 d iso-<*I(*et ri(* 
points of prot(*ins in tin* living e<*ll. 

It. should lx* not<*<l that t.ln* ning(*s n*(‘onh*(l r<*f(*r in most 
tissu<*s to the* <^(*11 eontc'nts in ge'iierail, with tin* (*\c(*pt.ion of the 
xyl(*m \vh(*re tin* r(*a<*t-ion of tin* wadis of the* v<*ss«*ls is re<*ord(*d 
iis ai rule. The xylem pair<*nehymai. is usually in the sauin* pH 
range axs the raiy region of the j)ith, but Iignifi(*d walls in g<*n(*rjd 
(xyl(*m, p(*ri(;yc4e aiinl baist fibrc*H, <*tc.) w<*r(^ always fouinl to lx* 
relatively auad. Cutieh* and sadM*ris<*d waills wen* adso in g<‘n(*rid 
‘aioid’. ( jt*lIul()S(‘ ais ai rule* does not take* up tin* <*olours, arnl it is 
usuailly possible* to H(*e the* (^e*ll e*e)iite*nts, e*x(*('pt in smadl e‘<*lls with 
suhe*rise*el e)r lignifi(*d waills (e*. g. e'ndode'rmis, e'e)rk, s<*l(*re*ids). 
Kurf.her weu'k on sele*e4.e*el (x*IIh iinli(*ait.e‘s thait t.he*re* naay he* ai 
differe*n(x^ in the tint give*n hy the* nue*leus, e*vtoj)laiHm unel saip, 
hut- in ve*ry few e*aiHe*H luis ai <h*finite* eliffe*re*ne*(* in the* kinel of colour 
been foimel, (see* also (<haij)te*r VI). 
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Table VII 
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2/5 Pai)av<»raooHc; .‘{/lO (ViKiif<‘rnt>; 1/5 ticHt-tlu kjioch'h; 1/7 
ininoHao; lAnMumtfu’M, Viola, Hvthra, l/K UinJM*llifcn»*, also iti tlu* 
uldor flowcrini? hUmii of Atrium grarrolma. 'Folnl In jill 

ntlior (ijwcH in ilie Ardhiohlamytloaci tho cpitUTintH nf Um* flownriiiK 
Ht<n« iH cithor acid in all port.ioiiH or at I<‘UHt in niu*, nithcr upjKT 
inid<llo or lower portion of the Htein. 

Amonf?Hi the Kymp<*l4ilae 4i <I<‘finit(*Iy ‘alkaliiai’ Httnn epi. 
denniH oeeur» in Phlox', 1/5 Boraghuieeae; 5/10 laibinlae, alao in 
HciUpMaria and fialria (ve^.); 2/5 Kolana<*<'U<* (nicwtly 
2/10 Seroidiuhiriaeems also in Aulirrhinmu, Hcro-phvlaria, Alituulun 
(veg.); 2/4 (ialietw^; 2/2 Acabiona', 8/54 (lompoHiOu*, also in Arhillva 
(tthady) 1/2 HpceimenH of AfrtinV-rtnVi'. ami UyiKxhovrin. Ttdal 21/84. 

It iH door, therofort', that on the whole* the <'pi<U>riniH of tin* 
young flowering hUmu t<*n<lH to be aeiel; with the v«*g<*lative Htean 
of the Hame plant Mhowing relative alkalinity in a number of easeH 
(op. iSerophularia<*eae). 'Pho ooinparativedy f(*\v monoetotyU'doitH 
examined bIiow no definite teiulemty for tiu* 4‘pid<‘riuiH; llu* 
Liliaoeao tending slightly to be alkuliiu*^ and the <)rehidueea(> 
to bo acid. 

(iub-epidcrtnin . — 'Fhis tissue is usually v<‘ry similar to tiu* 
epi<IormiH in its rtvietion and when t.hen* is variation it is towards 
the relatively alkaline reatstion of tlu* underlying <*orte.\. 

('orU'x. — This tissut* in the flow<*ring sOnn is mor«> fr(*((uently 
alkalim* in the following groujis (the figures give the ratio of 
speuies with definite alkalinity to those with definit<* aeidit\, 
indotenninate ranges being omitted): Uliaecuu' 2/1, Moiio<'ot v le- 
dons 5/^ > Chenopodhwieae 5/1, Clary o]>hyliaeea<' 5'I, lianu/iriiluN 
4/1, Ranunoulaceae 7/2, I*apaverae<‘ae 2/0, (Vueifera*’ 7 1, begn- 
minosao 4/1, Umbellifenw* 5/1, Ija,biatat‘ 7/5, Serophulariaeeae 5 2, 
Galieae 3/0. Valerianaoeae 2/0, l)ipsae.ea<‘ 2/0. ('omposita** 10'5. 
Othorwlso it is mixed or acUi, if single representatix-es of famili<>s 
be omittocl. 

Endodermis. — This tissue is more frecjuently 'alkalim*' in 
Liliaeeao 4/1, Orehidaeeae 2/1, (lh(>no])odiae(‘a<* 2/1, t'jiryo- 
l>hyllaceao 6/0, lian'uvctd'un Aji.), Itanuneidae<‘ae (i/1, Papa\M*rn«’<>ae 
2/0, (Iruoiferao 7/1, Legmninosae 5/1, Umbelliferae 5/1, Labiata<* 
0/3, Eolanum 4/0 (veg.), Valerianaoeae 2/0, I>ii>Ma<‘ea<‘ 2/0, (’om- 
positae 22/4. 

Pericycle. — This is ‘acid’ in all t.ho Monoeotyled<»nM e.\amin<‘d 
and also in tho largo majority of tho Uicotylotions. It is soinetimes 
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'alkalino’ in Labiatae, e.g.Lamiumi also inSolanum 3/0 (vog.); 
Valerianaceae 2/0; Dipsaoeae 2/0- 

Phloem. — The contents of the sieve-tubes arc more fre¬ 
quently ‘alkaline’ in the Caryophyllaoeae 6/0, Rmiwiculua 3/1, 
Hanunoulaccae 6/2, Papaveraceae 4/1, Oruciferao 5/2, Labiatao 6/3, 
Valerianaceae 4/1, Dipsaceae 2/0, Compositae 19/9. 

Otherwise ‘alkalinity’ occurs only in scattered cases. The 
‘acidity’ recorded in some cases is the virage given by the walls 
which may show ‘acid’ with ‘alkaline’ contents but in a largo 
number of species a degree of acidity corresponding to pH 5‘2—4*8 
is found for the sieve-tube contents. 

Xyle7n. — Tn all oases lignified walls in the xylom and olsewliero 
give an ‘acid’ virage indicating an acidity corresponding to 
pH 4-4—4*0 or even lower to 3*4. The truth of this virage as an 
expression of i)H has been questioned, but the evidence in suj)port 
of these colours being an indication of acid strength is more or 
less eouclusivo. When the lipoid error is considered (see 30), 
a definite colouration apart from the neutral tint of the indicator 
is seen to mean something. Neutral oils take u]) the neutral tint 
from both a(ii<l and alkaline aqueous indicator fluids; so that 
when wo find the xylein walls showing a series of indications acid 
or alkaline a<^cording to tlie indicator used the virage can be taken 
as true. 'The series which show steadily acid, even to the low^ost 
indicator have not the same evidential value, but it will be seen 
later that tissues, walls, which show this extreme acidity ])ass 
through a stage of lesser acidity during their development and 
maturation. TIk' virage indicating the still greater aeidity of 
mat-iir<‘ walls wonhl apjx'ar to Ix' as triu* a nu'asim' of aeidity 
as that of inirnaliir<‘ walls whieli show ‘acid’ t-o soni(‘ indicators 
and ‘alkaliiu'’ to oMkm’s (s<‘(‘ (’haj)t(U' X Vd 11, for a. discussion of 
1h<‘ possil)l(‘ sigiiificanc(‘ of th<‘S(‘ viragt^s). 

AnotluM* point of int(‘n*si li<‘s in the ('vi(len<*(* Iumv |)res(MiU'<l 
ujx)!! tlu‘ geiuM’alisat ion by Tiukstuky (1928) t.hat cainhial activity 
ta.k(‘s pla(^(' wlu'n* tJu^n* is a j)JHI gradkuit, as from acid xyl(*m to 
alkalitK' plihxun. Krom the above summary it will be seen that 
thci xykun is almost* uniformly around pH 4*4—4*0 or more acid 
and that, this is a wall-aeidity. A few rc^cords are given of ‘alkaline* 
eell contemts hut. tlu'se refer to the xylem parenchyma or to the 
iinlignified vessel walls as in t.lu‘. hyp<)<*.<)iyl of ilie ivy (c[. v.). It 
will bo soon also that the phloem is sometimes relatively alkaline. 
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pH 5‘0—5-0; ihiii HoinotiniK'H i< ih an Z, in tht* wido 

ranges pH 5-2—4'(>; and that wImmj Ihc Z range lian l><‘en dividc'd 
t.lio phloem in fiv<pu'ntly (pH n'2 4’S) whih' the xylein wall 

in g or h (pH. —4’0). Th<* g<*neral pll gratlh'iit Ixdwt'en pldot'in 
aiul xylein varien th<*r(*for<' from I'll to *4 in <*xf<'nt. Whil<‘ tin* 
larger gnwlient might ponnihly have a phyniologic-nl nignifieaiK’e 
in relation to eamhial a<‘tivity, it wt'mn doubtful vvheth<*r the 
nmalltM* gradient eould have any nueh <*ff«‘et. 'Phin theory in, of 
(sourw', haneil upon <*<‘rtain nupiHwitionn eon<*«‘rning the inoeh'etrie 
points of jH'oteins in living eelln, aiul th<‘re is (juite a largi* laxly 
of fiuits which indicate that the jindeins of living e<*ll hav<* no 
definite isoelectrie. point at. all. 'I’hat t.his is so should la* <lefinit<*ly 
t<aken into consideration in any application of tin* fui'ts giv(‘n in 
Table VI to the supiiort of such speeulationH, 

Pith, ray. — The nualullary tissue in tin* ray r<>gion is luori* 
frequently ‘alkaline’ in the <ihenopo<liae<*ae H/l, ('aryophylla<’<*ae 
4/0, Il/I, Hanuneulaeeae <1/2, Papnv«*raet‘He r>'O. 1 j«*- 

giiininosae 4/0, Labiatae 2/1, Herophulariae<*a(* ."'I, (hdic'ae 2 I, 
Valorianaeeae 2/0, ('-oinpositiM* 12/fi. Otherwise it is acid or 
varies from the ujiper t<i the low<*r portion of tin* stem, single 
representatives being omitted. 

Pith, central. — The central medullary tissue is more frequent ly 
‘alkaline’ in Ohenopodiaeeat* 4/1, ('aryophylla«*eae 4 (), /tann/irnlnn 
2/0, Ranuneulaeeai* H/l, Papaveraeen<* o/O, (Vueiferae A 2, Lc'gii- 
minosae A/l, l.Tmb<‘IIif(*ra<* 5/1, lioragiimei'ae 2 I, Laliiatm* 0 0, 
Kolanacetu*4/0 (v(*g.), H«*ropliularia<*ea<*7,1, («aliei»e2 1, Valeriana 
eeiWi 2/0, I>i[)Hac<>a(‘ 2/0, (’.ompositiu* 22/1. 'I'liis tissue is H«*en 
to he very g(*nerally alkaline*, <*x<x*pl. in t he aei<l famili(*s enuun*rated 
below. 

Haira. — In the re-investigation of stem tissin* r<*n<'tions tin* 
hairs of a number of K|M*eh's wen* (*xamiin*d. 'Pln'se were more 
freipiently of ]>H 5*2—4*H, soinetinn*s of pll •|■•t .l-O, giving 21 

species with ‘acid’ hairs: in sonn* (*aHt*.s tin* pll was higher A'O 5*(> 
or 5*0 giving 14 Hpeci(*H with ‘alkaline’ hairs. In I 1 Hp<*eii*s hairs 
of two kinds ‘acid’ and ‘alkaline’ W(*r<* found on th<* sarm* Ht(*ms. 

SlIUMAUY OF TIIK RKAOTIONS OF FAiMILIFS 

Apart from the tissues which are mon* normally ‘lU'id’, e. g. 
epklormis, porieyclo and xyleni, tiu* tissue maHs<*s of tlu* young 
flowering stem show a general alkaline teiuk'iiey in tht* Moiui- 
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coiylodoixs (see Table VII). In the account of the first Horios of 
these observations (Rha and Small, 1926) the Arohichlamydeao 
were apparently more alkaline than the Sympetalae, but further 
investigation of a larger number of species has removed this 
distinction. The proportion of ‘acid’ to ‘alkaline’ species for any 
j)articular tissue is remarkably similar in the two groups, even 
ill the hairs of the stem. This result shows best when the ‘all- 
acid ’ families are deducted (see Table VII). 

The following families may be considered more or less ‘alkaUne’ 
as regards these tissues, cortical and medullary, of the flowering 
sUun (so far as tliis extended series of observations goes) — Cheno- 
podiaceae, (Jaryoj)liyllaceae, Ranuneulaeoac, Papaveraceae, Legu- 
minosae, Labiatae, Scro]>hulariaceac, (Jalieae, Valeriauaceae, Coni- 
positao; also in so far as cortex and central ]>ith the (Viioiferao 
Uinbolliferao, Dipsareae. All these, except the three in italics 
w(n*o luentioncMl in the first analysis (Rea and Small) but further 
work has shown tlie Clompositae to be decidedly more ‘alkaline’ 
then ‘acid’. 

(Vrtain families even on further investigation, show deeide<l 
‘acidity’ extending through all or ])ractically all the tissues of 
the young flowering stern and, wliere the leaves have been exam¬ 
ined, this a(d<Iity shows also in other parts of the plants, ''rhesc 
families are Polygonaceae; Grassulacoae, Saxifragacoae, Ribesia- 
c!ea<^ and RosatJCiuv, (Jeraniaccao and ''IVopaeolaceae; Cactac;(‘a<^ 
It is interesting to note that all these ‘acid’ families occur in the* 
Archichlainy<lcae aiul that no imlication of a generally acid family 
has so far been found amongst the Syinpetalae. An unimportant 
point, of SOUK* intxuvst. is the g<*n(*ral alkalinity of Lintnaaffte.s 
iJoitylaaii, This g<*niis was rem<)ve<l from th<* (ilerania(*.<^a<* upon 
a rather obscure <lifference in the orientation of thcj ovuU* and 
j)laee<l in the Sapindales. The present work sliows the CJeraniaccae 
and its allied families to he of an ‘acid’ tv])e, <liff<*ring fundamen¬ 
tally in cell reaction from the genus Jjhnnanthva, 

(Vrtain species in other families also show this same general 
‘aeidity’ of all tissues in the flowering stems examined — e. g. 
(>rr/n,s marnlata, (^henopodiurn albnm, Trolh'Vf*i europaevd, Bra^saica 
rampcrsfri.s, Itejirda Infro/a, Viria faba (flrg. stem only), A7npel()ptsiii 
hrdrrarva, Baphorbia, IIpperiruin gimdraiignlmn^ Prmrala im/garift, 
(UtIpMrgia se/num: also Hrutrllaria galericvUita, Halvia offirhialin, 
Jlcntlut viridt\s, Holanuin dalcmnara (flrg. stems only); Veronica 
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cJiamaedrya, Hharardia Tanavviwm vulgnrv, CnlcnH lancvo- 

latus. 

Th(^ (ilorio rolationnhip of Honu‘ of tlu^ 'a(*i<r fainiIi(*H 
some general phyMiological relaiionnhip analogouH to tlu^ Hlrn(‘iural 
siniilariticH. At th(^ sanies tlu^ aendity of tlu^ Polygona<‘.e'u<^ 

has possibly a diffeixnit origin to that in the ItoHales plc^xim, 
altliough that of tfio aeidity of the (JeranialoH may be of RoHaliun 
origin. The acudity of suecuilents, botli Hti^nm an<l lesavi'K, g, 
(tactac;ea(s (Irassulacu^at^ Mvsiinibryantkvmmny Klvinia, limvorthia, 
etc., is well known, but tlu'- alkalinity of Hai'^ola Kali in<Ueat<*H 
clearly that sueciukmee and a<ddit.y hav(^ no t^\'<*luNiv(^ <'auHal 
conne^etion, a conclusion which is confirmed by llu^ 4ib8<uK’e of 
sucumlcnco from many of the generally ‘aend’ Kp<*(U(^s, e. g. Pafr/t- 
tilla paluatria, Oeranium robe.rtianum . ’'riiert^ may w<dl be a halo- 
phytic; Hucculoiua^ as in Halaol(t\ and an acidic Huc’cuhmc'C' whc'n' 
the acid is cithc^r a by-jiroduct of, or a stages in, onc^ or niorc^ 
peculiar variations of mctabolisiu. 

In any case this gcnuu’al survey of stcun tissiuss is siifficncudly 
wide to show the great variation from family to family, or genius 
to genus, or even in some cases from sjxHhc^H 1o spcndc's within 
the same genus. Thc‘. fc^w vegetative stcmis includcxl show Huffi<*i<mt 
difference from tlie flowering sUmis of tlj(‘ samc^ plants to indic^atc^ 
that generalisations csomx'rning hydrion eoneemt rat ion in i-cdation 
to thci physiology of plants must h<» veu-y (‘ardully (‘xamimMl in 
relation to thc^ acdauil fac*(.s and variat ions already obscu’vcsl. 

Additional data arc' given in Appcnulix III. 



CHAPTER XI 

VARIATIONS IN REACTION ~ DIURNAL AND 

SEASONAL 

1. Diurnal, uon-succulcnt. 2. Diurnal-succulent. 

3. Maturing changes. 4. Summer and Winter changes, 

(a.) St(uns. (h) Cyinnosj)crjn Leaves. (e) Angios]>erni Leaves. 

The tissue reactions (pH values) recorded in the previous 
cha 2 )tcr show quite clearly that the metabolism of plant s])ecies 
varies. The type of metabolism may be characteristic of the 
grouj), family or genus, or it may vary within tlie same genus or 
evcMi from [)art to i)art of tlic same ])lant. We liave now to con¬ 
sider such variations in j)H as have been described for llie same* 
tissue and it is convenient to divide those into (a) diurnal variations 
in ordinary ])lants and in succulents; and (b) seasonal variations 
a-ssochated witli maturation changes, or witli summer-winter 
changes in jdauts whicli are green more or less all the year round. 

1. DIURNAL VARIATIONS IN NON-SUIUULENTS 

As j)r('viously numtioiKMl ItoirnK (1017) (khtahe^d diurnal 
variations in pir<><j ijra. irfling a H-('ka-t i’ 0 (h‘ motliod li(‘ found 
the sa]) was of |)H ()‘73 during tlie night and fell to pH 5’0— 0*0 
during the day. Mcdhyl red is descrilxHl a.s yellow to “'seliwacdi 
rosa’^ during tlie night and red to '■'scliwacdi blaurotc^/’ during 
the day. Ho also records tliat the ejiiderniis of (tarnation and 
tulip flowers sliowed a similar acidification in the hglit. 

''Frijoc; (10 10), using clover, alfalfa, soybean and buclvwhcait, 
found that t li<‘ juic(\s of jilants (;ut in the morning were gimerall^^ 
mor(" aedd t han thos<‘ of filants cut in the* afternoon. CmcviONoKK 
(1010) using a <*a,r<‘ful H-(dc^drodc^ nudhod found that in t h(‘ 
leaves and stiuns of t he cow-jx'a tJic pH risers during the afternoon, 
falls during the night and readies a minimum in the morning. 
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Haas (1920) on the other hand ns^onlH a pll valin* for the 

jiiioo of t?orn weedlingH with a reduet ion of nornml illuininat ion. 

Huun (1022), UHin^ variouH Htraitm <>f I<<4<1 Yc^llow 

Dent, an<l an (*U‘<4Toinc‘t.ri<^ ni<4hod on <'xpreHHC‘d wap found an 
irregular variation in inorniKig an<l aft<‘rnoon khjw. 
pH valu<‘H for Morniiif^ , 5*HH r»*a0 5T»n 5*29 ri'r»2 5*4H 

variouH HiraiiiH Aft^^riiooii . 5'98 54$! 5*58 fiT>n 5*4(5 5*55 5'44 

''Kvi<lently the diunml e.hange in aridity, reporte<l in niai^y 
plantw irt not inark<'<I in <5orn grown uiulc^r tlic'Ht* <‘ondit lonw.” With 
wheat the Haines worker (Hohi>, 1024) dkl, however, find ek'ar 
evidence of a fluetuation in wh<*al nap pH vahu^w for morning 
(l()W(‘r) and afternoon (higher), witliout any corresponding fluc¬ 
tuation in the a<adity. 

Total aieklity is frecpumtly higluT in tlu' itiorning than later 
in the day (see fV.ArKJK III, p. 102): this has lietm no1<‘d also fm* 
algae in the tidal zoiu^ ((Ilauk, 1017). 

2. DIURNAL VARIATION IN SIKH UIJONTS 

(liTSTAKHON (H124) noted variations in pH in lirtft>ph}flhtin 
ralf/rinu7N, He found that- on a <doudy <lay t hen^ was a pH gradiemt- 
in this plant., the oldest leaves having the higlu^r pH valu<*.s and 
the youngest leaves the lowcw pH va.lu<‘s; while on a sunny day 
tin’s pH gra<li(*nt was r('V(*rs<Ml, the okh^st laung lowest and tin* 
yoimgesl. highest- in pH valiu's. It- is stal<*d that on a <’loudy 
day a (hnux^ase in pH was assocnated with an iiU’nNise in total 
a<iiditv: wliile on a sunny day ih<‘re was no (‘orrelation l)etu<‘(’n 
pH and total acudity, hut se<5 bc*lo\v and figun’s M lo. (Jrs'PAi-soN 
(1024) notes the earlier observations by IIkvnk and otln^rw on 
cdianging a<u<lity, them writc's “As far as th(‘ writ<''r is aware, tin* 
fluetuation in H-ion (foneeiitration has not. Ix^en n^portcxl hefon*.'' 
This apj)earH to he trin^ for lirtfoph ijUutn, although 'I'kims;, 
C1lkvkn<(I 0R and Haas had noHxl a similar fluetuation in tin* ))M 
of the juiees of ordinary crop plants (see al)ov(‘). Later (102.1), 
(JuwTAKHON reported in inonMh'tail. He found that juie<M‘\preswtMl 
from the yt)ung jiarts of lirt/op/f t/Hvtn sho\ve<l no <*haiige in pH 
on boiling or on standing for several <lays, hut- that th<* c‘xpresH<xl 
juice varied with the time of <lay or wdih tin* illumination vvIkmj 
the juice was eollectcd. Figure 14 shows ty{>i<*a.I n’^sults for a. sunny 
day and figure 15 shows the different, results for a cloudy <lay, 
presented so that comparison is easier than with (Juktakson’s 
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figures. The second experiment (fig. 15) was started at 4 a. m. 
(pH 3'82) and carried on to 10 p. m. The experiments of which 



Kijr. II. Diurnal variation in actual and total! aoi<li1^V in iiryuphtfUum 

(after <ilnsT VKsoN.) 


No. cc NaQh 0,15BS /!/- 10cc sap 



Kit*. If). Diurnal variation in actual and t.otal acidit-y in itrijttphyUnmn with 
a cloudy day, showin.*^ lack of corrclail ion. (after (3 1 ’ST\fson.) 
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fig. 14 iw typical arc the only rwiorda of the pH of any plant 
throughout a twenty-four hour period aiul aw Kueh hav<> a Hpt'eial 
value. 

From thcHC eurvcH it will 1 m< nwn tliat und<*r HUimy eonditioiiH 
an inertMiHe in actual acidity {<leemiHe in pH) 1 m iiKHtMuaied with 
an increaHO in total aculity an<l rirr verm', hut under <‘l<uHly e<in- 
ditioiiH the i>H aiwl the t.otal a<iidity are not conx*Int<'<t in the 
Maine way. TIuh from (Jusvaphon (I(t2.'>) in the reverHi* of what 
is Htate<l in Iuh (li)24) paper, e, g. "on a clear <lay, th<»r<‘ wan no 
relation hetwoen H-ion eon<*entratit»u ami total a<’i<l.” 

The phenomena appear to he complex and to involve at h'UHt 
two limiting hmtorH. Bright light n“<liiceM hoth actual and t<*tnl 
acidity, while Iohm bright light appcatu to rt*<luc<* acdual jieidity, 
without affecting the total aendity. 'I'lic variation in pH in eon- 
trollod, therefore, hy (a) the tohd concentration of a<*i<i and (1)) 
Momo other factor ajijiurently eotinect(‘<l with tiu* mcdalKdisin of 
the living leaf, poHsilily th<* tyjK* of ludd or Iniffer MyMt<‘m prmhu'ed 
during medium illumination. In thia (‘oiuxadion tlu> changeH of 
dilute malic acid in aunlight (Spoichh I hill) into oxalie, glycolli<', 
formic, acetic and carhonio acidn may he of Hignificanct*, ainee 
those acids have different disHooiation expoiumta and wotdd ailter 
the pH without, in the cawo of oxalie, affceiiiig tlu' amount of 
titratable acul prcHent. It in, however, iini)rol>ahl(* that in liri/o- 
phyllum tluH Hinij)le explanation ia availabh', Hine«* (Juhtafson 
findH tliat the aei<l wap extraeted from lirj/ophf/llunt is uiuiff<*et<'<l 
by light during four <lays exfiowure under varying eoiulitions, 
and iH unaffcotcnl alao by oxyge^n wupply. 

OvsTAFSON (1925) also given a number of Himilar n^sulfa for 
ahorU>ir porioda and for plantn plaee<l in l.h(‘ dark for varying 
j)eriodH. In continiiouH darknoHH over a jM'riod of fift<»<*n ilaya tin* 
pH falls to a minimum about jiH 3*7 in tlie firat. thre(* days, rises 
to about pH 4*5 on the sixth day and t.li<*r(*-afi('r is mon* or l<*ss 
constant about j)H 4*5 (fig. lb). 

The actual tissues of the Jiri/ophylhnti leaf bav<‘ hovii oxn- 
mined hero by Miss JM. J.Lyjnn using th<' It. I.M. (uni>ul>lish('d 
work). The data involve only a few pH vahu^s, thus re<I DKK- 
yellow MR pH 5‘G ca; red MR-greon H<UJ pH 5*2 4*4; 

pink BAN-greon BC(I pH 4*4 ca; yellow lUHl-bliu' BPH pH 
4*0 ca. Throe of the four ranges arc limited and by taking t.h<* 
range 6.2*—4*4 as indicating something about the ehauge point 
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of the indeterminate BAN, i. e. pH 4*8 ca we can graph the results 
and compare them with those found by Gustafson with the Bryo- 
phyllum in continuous darkness over a period (figure 16). It will 
be seen that the lower pH values found by Gustafson did not 
show in Lynn’s material, but the previous day was probably 
cloudy in Belfast. Otherwise the results are in very close agreement, 
with a shortening of the general period of sway and a considerable 
variation in the period of sway for each tissue. The acid mucilage 




ir>. <'onipariHon of Hjip ((insT\KsoN) ainl data (Lynn), for 

linjni>lnjUniu o\po.s<‘<l to (Maitiruioua <tarkn(‘HH. 


('.ells ot'cur in ilu' hypoderiniM and bundle sluNith and nnnain 
pH 4'Om all th<^ (Sumtakson’k data for 1.1 k‘ jui<*<‘ represent 

an av<‘rage of all th(‘ tissues in th<‘ leaf. Miss Lvnn using the 
It.I.M. found f.h(‘ diurnal variation to be of a similar range*, 
passing to pii 5*6 ca in the aftornoon for all tissnes except xylom, 
phloem and the rniudlage (^ells. 

As (JusTAKSoN points out the i)honomenon of changes in 
souriu'ss and total acidity in Jiry<yphy1lu7n had been reported 
upon previously by HmyNUS (1815), Link (1820), Mayek (1875), 
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KitAim (1883—8«), Warbuuo (18H« -8S). («<»<» uIho p, s 2 «ind 

IliOHARDS 1915 for litoratuiv.) 

Oihor HiuiCiuloni^ liavc^i alno (wi<Mipio<l aitontion from an <‘arly 
period- Asthuo (1903) in |)ariiciilarly good on th<^ ditirnal vari- 
atiions in total aridity of Hu<a*ul<‘ntH and other plant k, but fi‘w 
n^oordn of diurnal variaiioiiH in pH are availubU^ UnicimA (1027) 
gave sonio a<lvaiioo data aiul in (1928) gav<* chdaila for Opiutiia 
phumvaniha. The* pr(‘HM(»d aap gave the following vulueH • (PO 
a. m, pH 3-5--3-8; (P45 a. in. pH 1*4; 8 30 a. in. i>n4-5; 2-30 
j). in. pH (PO; 4-0 p. in. pH 5-5. Thewe aap aainph^H wen* not all 
derived from tlie Hanu‘ plant nor wore the pH vahien cUdenniiK'd 
UH a Horiert; tlie data are iiieiilenial to an inv<\stigat ion of tlu* n^gu- 
latlon of the external pH by eaetiw tiaHue. UnKiinA also Htati*K 
that Rhaum undulaiw/n hIiowh a Hiniilar diurnal [a‘rio<li<Mty in 
pH; the eell aap from the leaf parenchyma being ae*d in tin" 
night and Iosh acdcl in the aft<"rnoon. 

HicivieKiij (1017), however, giv("H a largi" numln-r of <la1a for 
the ox|)resHed juice of suciculents w'hicdi had Ix'ini (‘xposexi to light 
or darkncHH for various poricals. These may lx* taken as Htudi<»s 
ill diurnal variations, and will Ix" found in ('hapt<T XV, which 
deals with succulents as a special ease. Tlie g<‘n<*nil arraiigcunent 
is again lower pFl values fr<»m <lurken<xl phinls ainl bigh<*r pH 
values from plants exp<)s<*d to light*. 

So far as tin* n*<*ords available* indi<Mite, vv(* hav(' tin* a<'tion 
of light with a gcmeral tendeiuy towards in<*r<"nsing the pH of 
]>lant tisHvies; this agnn‘s with the obw'rvations of VVkuku, Soautii 
and Saykk on guard-e(dl pH valiuNs, bu< tin* obsiu’vations l>\’ 
Rohok on Spirogyrn and by Haas on e«>rn scxxllings indic^ate a 
decrease* of pH with gr(‘at(*r illumination or an inen*a.s(' of pH 
with less illumination. (Jus'rAK.soN nxnl otJn*rs have* also noti'd 
a lower pH in the morning afi("r a ])r<ivioiiH sunny day than afler 
a dull clay. The available fo<xl sup])ly appe^ars t«) lx* involvixl, a 
Huggestion which is su])|x)rtc*d by t*he metabolism of suecMilents 
and by Oustakson’h nx-ords for Jiri/o/dft/lltntf in eontinuoiis 
darkness. RoiroM’s result may be a conseciuetux" of a low im*taboli(* 
activity in Hpirogyra, giving an inereascxl atdd (X>nt<'nt only 
during active jihotosyntliesis and something lik<* the* rise* in a si.x 
days starved liryophylluiti during tlu^ night in this alga. Haas's 
result (1920 pp. 304 sqq.) with corn seedlings, gr<X‘ii and etiolaltxl, 
is iu the same sense. Young (10 days) sc*cxllings show a sinnlh^r 
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difference in pH (juice) between green plants and those etiolated by 
darkness, than do older (13 days) seedlings, while the older (more 
efficiently metabolising ?) seedlings show a lower pH value than 
tlio younger seedlings throughout, 

Huitn’s (1923) results with vigorous and stunted growths 
of Zea mais may also be significant in this connection. Vigorous 
plants showed a correlation between pH and total acidity, and the 
pH of loaf sap (5-42) lower than that of stem sap (6“5l); while 
Htuntocl plants showed no correlation between pH and total 
acidity, and the of leaf sap (5-43) higher than that of stem sap 
(5-19). 


3. MATURING OHANOES IN REACTION 
Leaves, The observations by Haas, Oustafson, Mukkiui 
and others of a gradient in pH from young leaves (more acid) to 
oUIcr lower leaves (less acid) might be taken a maturation 
change involving an increase of pH with ago in leaves, but the 
reversal of the gradient in 'BryopKyllnm on a sunny day (CJitstaf- 
soN 1924) may indicate that this change is controlled not so much 
by as by cnviroinenial conditions. Ago might well be the 
controlling factor tinder medium illumination, while light may 
he the eontrollingfactor wlicnitreachesacortaiudogreo of intoiiaity. 

Shoots. Hurd (1924), using an electrometric method on 
sciveral varieties of wheat found that in general the j)H value of 
t.lu' sa|), fakrN at the name time of day, remained more or less eou- 
si.ant for about the first three months and that this period is 
follow<'d by a (l<*ereas<* in [)H assoiuated with tht^ pn'-ri])<'ning 
stag(‘, a r<‘hitiv<dy low pH valu<‘ Ixung rnaintaiiu'd during the 
flow(‘ring and laixn* .st.jig(\s. Thc‘ valu(*s for th(‘ <liff(.‘r(Mit vari<"l.i<‘s 
vary (ionsi<lerably, hut- for 1.h<* early months of growth the valiums 
usually He between pH ()-3 and pH while in the lat(‘r stagc\s 
they fall to pH 5-(). Except in two or t.hree of thes many r<‘eor<ls 
the <u)nst.ant early pH values arc not correlated with an observt*d 
n‘gular dee.^t^ase in total acidity from the secoiul to the sixth 
wi‘(dv, but tb(‘ later fall in jiH is correlated with a later rise in 
total acidity. This ris<^ in acd.ual an<l total acidity in wheat is, 
according to Huhi>, assoeiate<l witli the rate of drying rather 
than with hc^a<l format ion or kt^rnel dt^velopnuMit. 

In a latc'r papc'r tlic same worker (H u rd-Kakrjor 192S) 
giv'<‘s for wheat juice t-he following data — 

l*rt>t«)|>l)inniH-Mi>iH)gnij>hioii II: Small 9 
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pii 

value 

Ago in Weeks 

Miage 

tienkin Wheat 

White' Odessa 
Wheat 

12 

shaoliiig 


5-74 

13 

shooting 

5-77 

5-81 

14 

shooting 

r>*77 


ir> 

sliooting 


5-74 

15 

hcMids ill hoot 

5-74 


ir>y^ 

hc^aciing 

5-78 


u\ 

luMuling 

r>*74 


16 

shooting 


5*81 

17 

heading 


5-73 

17 

flowering 

5-77 

5-85 

18 

late flowering 

- 

5*77 

18 

komcls-milky 

5-76 


19 

kernelrt-mifky 

- 

5*73 

19 

kernels soft dough 

5-71 


20 

kernels soft dough 

5-60 

5*83 

21 

kernels soft dough 


5*55 


The titratablo aoi<I during the maturation |>(u*iod in<T<‘asc‘<l 
in both varietioH alinoHt regularly, in ee. N/20 NaOll, from Vyli to 
11-0 for ffroNKlN and 7'8 to 14-7 falling to 1,'M in th(‘ hiHt Htag<* for 
Whitk OdeHHa. The inaintc^nanee of t.lu‘ pH within narrow liniils 
during thiu rise in total acidity iu aitrib\it(*d, with a conHiderable 
degree of probability, to the effiei<Mu\v of the* buffi‘r.Hy.si<‘ins 
present. In fact, it api)ears to tiu' writ.(‘r that many of th<" r(‘<*ord.s 
of pH values (especially betwcHui j)!! 5 and pH 7) for plant, juiec^s 
are to bo eorrelaied with metabolie ehangets in t.he buffer'SyHtcins 
rather than with increased or deeresased prodiK^t.ion of aedds. 
(Jiven an inactivation of j)art of the hciffer syst-ciu, by utilisation 
in the eytophism or otherwise, the pH would (diange without 1h<‘ 
X)rodu<dioii of a greaU^r or a lesser (piantity of actual acicl, the 
dissociation ratios of which would vary with tlu^ eoncciitrat ion 
of the buffcir systcun (sc^e pp. (hi and 73). 

Other maturing changers in parHcailar tissue's heading to 
lignification and aciclification in walls or hauling to a dcii'caisc' 
in acidity in chloronchyma are ment.ioncMl in (Uiaptt'rX and also 
below (pp. I4S, H)5, 196). 

Fruits, Using the hydrogen-electrode, whieh is not s\d>jeet- 
to the carbon dioxide error aftc^r the first dederminat ion of this 
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series, Bartholomew (1923) obtained the following pH values 
for the lemon at different stages of maturity — 

Dates 1020—21 Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apr. May June July 
Stylar End . . 4*46 2-91 2 64 2*64 2 60 2 57 2-33 2 30 2-23 2*29 2*29 
Stem End . . . 4*46 3*08 2*71 2*50 2*64 2*54 2-36 2*33 2*27 2*33 2*33 

liAHTHDLoMKW iiotos that tho total acidity of the lemon increases 
with age but the actual acidity varies little after tho lemon has 
reatiliotl a diameter of about 3'S cms. An efficient buffer system 
is indicaUKl at an early stage (see lemon juice curve, fig. 28). Hempbl 
(1917) recorded a similar reacstioii for lemon juice, pH 2*19—2*25. 
Lime juice is still mor<‘ aei<l, <pu)te<l by Atkins (1922) togetlier 
with an unnamed In<lian berry, as ])H 1*7. 

Tliese results are amongst tlie few detemiinations of i>H 
values for jdant juices whieli may be regarded jis something more 
than residual values (see p. 86 and 132). 

(JusTAFSON (1927) ma<lo a similar study of the pH of tho 
tomato (floHN Bank var.) during its ripening. He found that the 
pH of th<‘ juit^e gradually fell to the fifth week aiid tlieii rose 
sliglitly; while* the total acidity fell slightly during the first three 
w(‘(*ks and th(*ii rose towards the* fifth we<*k, falling again with arise 
in pH (r>t.h - -7th vv<*e*kH), aiul rising slightly with a cioniinued rise 
in pH eluring tiu* Sth w<*(*k. There is thus some correlation of 
pH aiul total aea'dity, but during the 1st.—3rd and Sth w<*c*ks tlu* 
i4iarig<*s are* not- corr<‘lat.<*d. The* pH figure's arc* give*n graphic^ally 
and are* approxiinate'ly 4’9, 4*9, 4'S, 4*2, 4*3, 4*35 for the* 1st, 
2nel, 3r(l, nth, 7th anel Sth we*e*ks r<*spe‘e*tive*ly. (dis'rAKse>N no(-e*s 
that, low pH value's are* associa.t.e*<l with the* peu’iod of rapid growih, 
and wisedy slate's '■‘wb<*lhe*r it. is the* e*auH(' of tlu* rapid growth 
or the* re'snlt, is a epie'st ion which t he* write*r is not re*ady le>answe*r.” 
4'lie* low pH value's may be' n<*ithe*r e*jvuse* nor<‘ffe*e*l but. ee>ne*oinit Jint 
[)he*noine'na, s<*(* “pe*nt.osaii ine'tabolism”, (Uiapte*rXV. 

/SVrcAs* rivr/ Orrfnhiafiov, 

Dklkano (1909) fe)und an inenvase* e)f acueiity in the sap of 
communL'i up te) a maximum e)nthe'eiighih elayaft.ergerinin- 
al-ie)!! be*gan. IVIiIjI.ku (1910) feiunel an iiuin'ase* in fren* fatty aenel 
in t he* hypoeudyl of Ilvlianihu.'i anm4'U,H on ge*rmination. Ke3KKUse)N 
(1913) fonnel an iiu*re*ase*<l t.e>tal acielit.y in tlie hypex'.edyl ejf several 
spe*eue*s e>f (^ratavgu^i witli after-ripening. HKJvn'ML (1917, p. 116) 

9 -^ 
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gi-^es for lupine seedling juice the following electrometric data 
which show an increase in pH with age — 

19 days pH 5-78, 20 days pH 6-93, 22 days pH 6*03; but 
the total acidity also shows a regular increase thus, in terms of 
CO. ir/6 NaOH to the litmus point, there are — 

19 days 3'66, 20 days 6*61, 22 days 7*48, 

Ross (1919) found an increased actual acidity (2*00 X 10“’ 
rising to 1*18x10“® or pH 6*7 to pH 6*93) in Tilia americana 
seeds with after -ripening. JoN«s (1920) finds an average of pH 
8*335 for dormant seeds and an average of pH 7*909 for after 
ripened seeds. Rosx’s method was to grind 20 seeds with 25 cc. 
water and add 100 cc. to the liquid produced; while JoxiTBS ground 
two embryos with 1 co. distilled water and then added 5 cc. distil¬ 
led water. Jokbs noted that the fluid became more alkaline on 
standing. Both workers used H-electrode method on the fluids 
obtained. Soahth (1924) determined the pH of freshly distilled 
water, using a potentiometer and found values around pH 5*5; 
while pH 7*1 was obtained by boiling off the carbon dioxide in 
a silica vessel. In view of this fact, the results obtained by- Ross, 
JoNBS and others — using the method of grinding and extracting 
with distilled water — are to be regarded not as determina¬ 
tions of actual acidity of natural juices, but as data concerning 
residual reactions after the sap has been mixed with a solution 
of carbon dioxide in water (pH 6*5 ca.) and treated in a hy¬ 
drogen electrode with a stream of gas which removes all the 
carbon dioxide both from water and from sap and reduces the 
substances of the aqueous extract until an equilibrium is reached. 
These data are, therefore, aleatory and very difficTilt to explain 
unless all the circumstances are detailed. 

Haas (1920) found an increase in total acidity with age 
(10—13 days) in com seedlings as did HBMPBii for the lupine, but 
he also fotmd a decrease in pH (about 6*8 to 6*3) inHtca<l of a riw^ 
(6*78 to 6*03) as Hbmpbl found in the lupine. As ht)th sets of 
data are electrometric the differences are probably not signi¬ 
ficant in irelation to the living tissues on account of the errors 
of the methods. 

Pack (1921) using “Clark and Liubs indicators” found pH 
values for various parts of Juniper seeds, store<l for v'.*iri«»iis 
periods thus — 
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pH of seeds during after-ripening, stored at 6® C. 



Dry 

30 days 

60 days 

90 days 

endosperm. 

4-6—60 

4-6—6‘2 

4*4—6 0 

4-4—6*2 

embryo . 

hypocotyl. 

outer cells of embryo . . . 

and of hypocotyl. 

inner cells of embryo . - . 

8-A-8-8 

6-8—7-6 

6'«—7-6 

60—6-8 

4*4—6-2 
4-6—60 


IvBS (1923) using “La Motte standard indicators’’ found 
that both freshly gathered and dry stored seeds of Ilex opaca 
show a pH value of 6. 

Apart from the R.T.M. observations on the sunflower and 
broad bean (Chapters XII—XIII) which show acidification of 
some tissues, wo have only Pack’s data which show a similar 
decrease in pH. His note on the regular increase of total acidity 
with after-ripening may be added to the data given by Hempel 
and Haas on a similar increase with ago of seedling plants. 

4. SUMMER AND WINTER VARIATIONS 

(a) lilems. 

Hooker (1920) investigating the juice of Iwaring spurs of 
ajiplos, found for a variety called Wealthy, a steady jjH value 
wil.li varying total acidity e. g. expressing tlie latter as co. N/10 
aciitl per gm. dry weight he found Fcby. 2*04, June 3‘40, Sept. 1'74 
while the corrcsponiling pH values were 5-S, 5'7-and 5‘0. 

Abbott (1923) on the other hand found marked seasonal 
ch.anges in the pH of lioth ajiple and peach, in gi'iii^ral a high 
pH in surninur, and a drop in the auinintu followed l)y a rise in 
November, whie.h is niainiaineil through the following Hjiring. 
(JiLLicseiK’s eoloriinetrie mc^thod was used throughout.. Abbott 
suggests that tlu’^ low |)H in SejitenilxT may he correlated with 
the liigh sulphur eontent, hut lie inakc's a further suggestion in 
relation t.o phosphaf.i’! c^()nlent aiul huffering which is discussed 
laU'r ((Uiap. XIX). As those results apjiear to he the only data 
availal)l(‘ for comjiarison with the It. I. JM. result.H they are given 
as a graph (figure 17). 

The tisHiio reactions of a number of selected herbaceous 
and woody stems, examined at monthly intervals throughout the 
year, wore reported upon byB/XA andSMALli (1927) as follows.—? 


















134 


C1HAFTER XI 


STEM TISSUE REACTIONS THROIKSHOUT THE YEAR 

METHOD 

The Range Indicator Method as provionaly dcwcribcd waa 
used throughout. Transverse sections of the v(^gotativo stoma 
were examined. Eivo indicators were used up to aii<i itufluding 
December 1925, and six indicators wore Tisod during 1920. I’hia 
work was started in 1924, but a break of aeveral months occurrtwi 
in the first series of results, and it was thought bottior to leave 
these Tuipublished and present an unbroken aoquoneo of obacir- 

vations for one jioritxl 
of twelve montha, June 
1925 to May 1920. 

At least three stems 
from each kind of plant 
were taken each month, 
and two or three seo,- 
tionsof each part, upper, 
middle and low<^r, of 
each stem were exami¬ 
ned, after immersion in 
the indicator solutions. 
In general nine tissucis 
were differcntiate<l and 
epidermal hairs or cuti¬ 
cle usually a<lded a tenth 
Fig. 17. Seasonal variation in the pH of ex- observation to the series, 
pressed juice of apple and poach tips, (after 

Abbott.) We recognise very 

clearly that we are only 
at the beginning of this work, and desire to point oiit that the 
results must be regarded as a general survey of the possibilities 
for more intensive work. 

The method of analysis and presentation of the ]>H range's 
as letter symbols may appear to bo iinneccssivry complications, 
but we would ask other workers in this field to consider the num¬ 
ber of observations necessary for the production of the data 
given in the Tables which are hero included. 

Two or 3 sections each of 3 stems were taken, giving 0—9 
sections; 6 indicators were used during the first 7 months giving 
210—315 sections, and 6 indicators were used during tho last 
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5 iiionthB giving 180—270 BcctionK or a total of 300—585 HCctioiiB 
per year. In general 10 parts or tissucH wore observed in each 
section giving 3900—6860 observations; nine different species, 
one being duplicated for light and shade conditions, wore exam¬ 
ined giving 39,000—58,600 observations. Then in all cases each 
stem was divided into upper, middle and lower parts, so that 
the total of the observations required for the data hero presented 
amounts to something between 117,000 and 175,600, or a moan 
of approximately 150,000. 

All these observations wore originally recorded as the colour 
giv<5n by eacdi tissue in eacli section in each indicator. By arrang¬ 
ing the records in tlio order of the ranges or indicators as given 
(p. 4()) an<l marking each record C for acid and K. for alkaline 
indications, the cliango point in the scries, and hence the range, 
was determined. The ranges as found in this way wore card- 
indexed, the data for the upx^or, middle and lower parts of each 
stem being on one card. The data were then entered as letter 
symbols in our pH lodger. In any case where two or more of the 
u[>|)er, middle and lower ]>arts gave the same data for all tissues 
a furtlier eoiidensaiioii became i)ossiblc as shown in the Tables 
now published. Kometimos also it was found that the data for 
two or all throe of the stems wore the same throughout, and then 
more o.ondensatiou became i)ossihle. 

Tliis process of repeated ‘boiling down’ has been ajqdicd in 
the production of all the Tables in this series, and it is necessary 
in order to obtain the data in a condition for ])ublicat.ion. It is 
necessary also as an escape from the confusion of numerous 
numerals, in order to see clearly the changes au<l differeiiecs 
wliich occur. 

RESULTS 

The stems exaininod iuay he divided into two grouj)s, I. nior<‘. 
or less herbaoeoxis, and 2. woody. Tlie data for the cliffen^iit 
species are discussed briefly below. The difficulty of prc^sentlng 
a series of thirty-six linos of letter syinl)ols has ht^eii met by 
combining the results for the upper U, middle M and lower L 
parts of the stem wherever possible. Jii some cases square 
brackets [ J have been used to mark the second of a pair of 
parts whore U and M or M and L differed by only one or 
two lett('rs. Ordinary brackets indicate abnormal reactions as 
before. 
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The records are condensed by moans of tlio syskmi of a 
letter for each range as previously explained. TIio itulioators, 
when five were used, did not include bromo-crosol green; whore 
six indicators are given the full normal series as doscribo<l was 
in use. 

In the ease of the woody stems throe twigs were taken from 
each shrub, from the top, side and base of the shrub. Those aro 
indicated in the Tables as T. S. and B. rospoctivoly. 

HERBACEOUS STEMS 
Cerastlwn tomentoaum 

The vegetative stems of this plant wore examined in trans¬ 
verse section. The material was obtained from the C^lass (Harden, 
Queen’s University, where the plants wore growing in an oxpt)Bod 
position with a southern aspect. 

It is of some interest to compare the present results for 
this speeies (Table I) with those given in our first series. The 
b range pH 5*9 to 6*6 includes the c range, approximately pH 6*6. 
In the same way the Z range pH 6*2—4*0 includes o or i)H 6*2—4*8, 
f or pH 6*2—4*4, g approximately pH 4*4, h or pH 4*4—4*0 and 
i approximately pH 4*0. It should bo noted that the former 
results were obtained from the flowering stems as in this cas(«. 

As the herbaceous plants were chosen with a view to deter¬ 
mining their tissue reactions throughout the year, the choice wjis 
limited to a few species which in most cases develop the flowering 
stem as an elongation of the ordinary vegetative stem. The tissue 
reactions might, therefore, be expected to fall within the same 
ranges as before. In the case of Gerastium tomentomtm, although 
the present ranges do not always coincide and are not always 
included in the older data, the results now given arc in goiu'ral 
consistent with those previously given and now repeated at ih(' 
foot of Table I. 

The xylem is the tissue with the most constant r<‘ac(.ion 
throughout the year. The h range pH 4*4—4*0 imtludes the g 
range approximately pH 4*4. Whenever broino-(?resoI green 
(B.C.G.) was ad.ded to the series, it became i^ossiblc to bo more 
precise and the pH 4*4—4*0 of June to December 1926 became 4*4 
of January to May 1926. This phenomenon was more or less 
usual in the other species examined. 
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Table 1. Ovraatium tomentosvm 


Date 

Indicators 

Part 

i 

w 


9 

1 

Endodennis 

1 

Phloem 1 

Xylem 

Pith, ray 

Pith, central 

Hairs 

No. of stems 

Size in ems 

1025 








■ 





Juno . . . 

U 

c 

a 

a 




B 

a 

a 

o 


,, ... 

M 

a 

a 

a 




H 

a 

— 

0 


,, ... 

r)L 

a 

^a 

a 




B 

a 

— 

o 

1 ft-f) 

»* ... 

u 

<? 

a 

a 




B 

a 

a 

e 

4*0 

,, . . . 

r)ML 

a|«J 

afej 

a 

a 

ah^) 

ale] 

h 

a 

— 

0 

2 6*0 

July . . . 

IT 

a 

a 

a 

a 

a 

0 

h 

0 

0 

e 


... 

5 ML 

a|«‘l 

aH 

a 

a 

eh*) 

0 

h 


— 

o 

3 5*0 

Au^JfUHt 

UM 

a 

a 

a 

a 

a 

a 

h 

a 

— 

cl 


• * 

r>L 

a 

a 

a 

a 

hk>) 

a 

h 

a 

— 

d 

3 7*5 

September 

u 

a 

a 

a 

a 

a 

a 

h 

Ar 

a 

d 


f» 

5 ML 

a 

a 

a 

a 

ah') 

a 

h 

a 

— 

d 

3 7*5 

October. . 

II 

V. 

a 

a 

a 

a 

a 

h 

a 

a 



*1 • • 

5 ML 

<< 

a 

a 

a[ol 

ah^) 

a|o] 

h 

a 

a 

0. 

1 6*5 

9f 

U 


a 

a 

a 

a 

a 

h 

a 

a 

V. 

2 5*5 

>> * 

r>ML 


a 

a 

a 

ah') 

a 

}) 

a 

a 

c 

4*0 

November. 

u 

0 

c 

a 

<* 

(? 

0 

h 

c 

c 

0 

5*0 

j» • 

5M 

0 

c 

a 

c 

eh>) 

c 

h 

c 

c 

e 

3 5*0 

99 

L 

a 

a 

,i(h)») 

c 

eh') 

c 

h 

(*. 

c 

e 


December . 

U 

a 

a 

a 

a 

a 

. a 

h 

a 

a 

e 


9 9 

r>M 

e. 

a 

a 

a 

eh 

a 

h 

a 

a 

o 


*» 

L 

t*. 

a 

a(h)>) 

.i(h)t) 

hk 

e 

h 

a 

a 

e 

3 7 5 

1025 













January . 

U 

a 

a. 

a 

a 

a 

a 

W 

a 

a 

e 


• 

(>ML 

V 

a 

a 

e 



K 

a 

a 

e 

3 0*5 

F(‘bruary - 

UM 

<■ ! 

V. 

(• 

V 

<-i«i 

e 


<* 

V. 

e 



5 L 



<* 

c 

'•K') 

c 


<• 

(• 


3 (>*5 

March . . 

UM 

c 

<* 

t'lnl 

<; 

c 

c? 

il 

c 

(• 

V 


n * • 

(>L 

a 

a 

a 

<* 

<•«’) 

c 


<s 

c 

Vi 

3 5*.T 

April . . . 

U 

c 

e. 

a 

a 

a 

c 



(5 

V 

()*r> 

. . . 

(>M 

e 

c 


e 

ah«) 

c 



0 

e 

5-5 

. . . 

L 

a 

a 


«'«•) 

a.^^k') 

e 

« 

0 

c 

o 

3 50 

May . . . 

U 

a 

a 

a 

a 

a 

a 


a 

a 

C‘ 

! 

99 ... 

6M 

c 

e. 

a 

a 


a 


a 

a 

o 

3 <) fl 

99 • • . 

L 

c 

e 

a 

a 

hk') 

a 


a 

a 

o 


First wericM 


b 

b 

b 

b 

bZ 

b 

Z 

b 

b 


1 


1) — reaction of walls. 
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The range d pH 5‘(5—4 8 inoludoH o pH fi-a—I'H, and if tlim 
be kept in mind the reaction of tho epideri/ml haim ia Ht'en io b<% 
very constantly in the region of pH n'O—4’8. Tho only month 
in which variation to pH 6*0 ocoiirrod was October. A Himilar 
variation is possible for August and Soj>tombor, ho t.hat afl.t>r 
tho flowering period the hairs upon tho loaves may have a slightly 
different reaction. This may, of course, bo <luo rather to biiff<‘r 
changes consequent upon a bettor supply of inorganics salts rather 
than to autumnal metabolic changes. 

The reaction of the epidermis varies from ])H lid) io pH iidi 
and this variation is exceeded only in January wherc^ i>h(> middle^ 
and lower parts of tho stem wore more acid, ))H f>'2—4-8. What 
might be described as tho ‘winter’ reaction, pH .'>•($, for the epi¬ 
dermis extends with exceptions in various }>artH of the stenn frcmi 
October to May. Two out of tho three ]>artH have a roju'-tion 
more acid than pH 5*9 during these eight months. In June two 
of the three parts are at pH 5*9 in most stems, while that reaction 
is very constant for July, August and September. 

The avJj-epidermis is more constant in roac^tion. With the 
exception of one stem [o] in July, tho pH is 5*9 or 5*(5. ’Phe^ mort^ 
acid range pH 6*6 appears in November and occurs at inixTvals 
until May, but from June until October tho reaction is f>ract>ically 
constant around pH 5*9. 

Apart from occasional records of a])parently lignific'd cell 
walls, the cortex shows the same variation as tho epidorinis and 
sub-epidermis, with a further shortening of tho ‘wilder’ condition 
to February and (in part) March. 

This ‘winter’ condition extends from October to May for the 
epidermis, from November to May for tho sub-opidcrmis, and from 
February to March for the cortex. 

The endodermia shows a change from pH 5*9 t<» pH 5*(» in 
November, but reverts to tho former reaction in December. '^PIh' 
winter climate in Belfast is remarkably mild, and this might 1 k» 
a weather effect. This suggestion roceivos Hupi>ort from tlu^ 
increased acidity during tho following months January to Ai>ril, 
when the weather is apt to bo more severe, together with a return 
to pH 5*9 in May when the summer conditions begin to be more 
or less favourable. 

The reactions for the pericycle indicate lignification of tho 
cell walls in this tissue, especially in the middle and lower parts 
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of ih(» 'I’lio rcacition of the coll contt^ntH viiricH somewhat 

erratically, from ]»H 5*9 to pH 5‘($ ami in a few odd months (July, 
November and December), was more acid pH fl’2—4‘8 in the 
middle and lower parts of the stem. A variation in reaction during 
the i)roeesH of lignifioation might bo i)os8iblo, although as yet 
wo have n^> coiuilusive evidenoo that tho ooll contents aro aoid 
while lignifioation is in active progress. 

I’lio phloem shows a variation in reaction within tho range 
pH to 4*S. During tho period Fobruary to April when tho 
plant is im^rely veg<4ating tho reaction is constant around pH 5’6. 
In May and dune when assimilation is must active aixd still free 
frotn floral complications the reaction is more or loss constant 
at pH 5*9, with a lag at i)H i>-6 in tho lower part of tho stem somo- 
times. In July, the main flowering i)oriod, tho acidity increases 
to pH 5-(i or pH 5-2—4-S, followed by a return to vegetative 
activity an<I f)H 5-9 in the iioriod August to October. During 
tho winter, November to »January, tho reaction varies erratically, 
poHHii)ly witli local weather conditions. 

Tho (Constant reaction of the lignifiod cell walls of the xylom 
has alrc^ady been pointed out. The xylom paronehyma was not 
re(iord(ul separatc^Iy from the medullary ray region of iiio pith. 

The reaction of the pith both in tho region of the vtiscular 
biimlh^s and in the central region varied from pH 5-9 to ])H 5*6 
in swell an erratic fashion that no metabolic or elimatio factors 
(lan be suggesUul at present. This is, of course, in aeeordanco 
with the lae-k of any very definite metabolic function for the 
pith an<l with its central, more or less protected jiositioii. 

i^Jieiranthus vFieiri 

The material of this spee-ies was olitaiiUMl from two different 
gardcMiH. Plants from an exposed jiosition Avith a southern asiieet 
were obtained at Queen’s University and gave the <lata in Table 11 . 
Plants wore also obtained elsewhere from a sliaded jiositioii with 
a northern as 2 >eot and gave the data in Table J II- The results 
aro not strictly comparable because, while tJio first groui) varie<l 
ill age from two to thirteen months, tho second or shade plants 
were all over one year old. 

Transve^rso sections of vegetative stems were studied. If we 
compare tho resulting data with those given previously for the 
flowering stem, there is an agreement of tho Z range with g 
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Table II. Cheirardhus cheiri (JSiin) 


Date 

Indicators 

Part 

'S 

‘a 

1 

1 

Endodennis 

Pericycle 

Phloem 

Xylem 


i 

.s 

» 

i| 

■a » 

•M •« 

O o 

o S 

1 

i 

.s 

1925 














June * . . 

6UML 

a 

a 

a 

a 

a 

a 

h 

a 

a 

a 

3 40 

12 

July - . . 

TJM 

a 

a 

a 

a 

a 

a 

h 

a 

a 

a 



>7 • . . 

6L 

a 

a 

a(e)' 

a 

a 

a 

h 

h 

a 

a 

3 ttf) 

13 

August . . 

5UML 

a 

a 

a 

a 

a 

a 

h 

a 

a 

a 

3 40 

2 

September 

UM 

a 

a 

a 

a 

a 

a 

h 

a 

a 

a 



77 

5L 

a 

a 

a 

a 

a 

a 

h 

oh 

a 

a 

3 100 

3 

October. - 

UM 

ao 

a 

a 

a 

a 

a 

h 

0 

a 

a 



77 • • 

5L 

ac 

a 

a 

ac 

a 

a 

h 

o(«) 

a 

a 

2 7*5 

4 

77 • • 

6UML 

c 

c 

0 

c 

a 

a 

h 

a 

1 ^ 

a 

1 ir> 

4 

November. 

5UML 

a 

a 

&f 

a 

a 

a 

h 

a 


a 

2 6-5 

5 

77 * 

UM 

a 

a 

a 

a 

fl# 

a 

h 

a 

a 

a 



77 • 

5L 

a 

a 

! a(o)' 

e 

a 

a 

h 

a 

a 

a 

1 6-5 

5 

December. 

6UML 

a 

a 

a 

0 

a 

h 

h 

h 

h 

a 

3 6 0 

6 

1926 














January . 

6UML 

ae 

a 

a 

a{e) 

a 

a 


a 

a 

a 

3 7-5 

7 

February . 

6UML 

a 

a 

a 

a 

a 

a 


a 

a 

a 

3 7-5 

8 

March . . 

6UML 

a 

a 

a 

a 

a 

a 


a 

a 

a 

3 H-r> 

{) 

April . . . 

6UML 

a 

a 

a 

a 

a 

a 


a 

a 

a 

3 8-5 

10 

May . . . 

UM 

a 

a 

a 

a 

a 

a 


a 

a 

a 



»> ... 

6L 

a 

a 

a 

a 

a 

a 

hk 

a 

a 

a 

3 (i’5 

11 

First series 


b 

b 

b 

— 

— 

>> 

Z 

bZ 

Z 





(e) groups of cells in endodcrmis. (c)' coll<'ncliyma. (h) in one stem. 


or h and a generally less acid a range instead of the former b 
range, but the difference between approximately i)H n O and 
pH 6*9—6*6 is very slight. Further work may show that it does 
in fact exist as a difference between the flowering and the vege¬ 
tative stem, and the wallflower would then bo another example 
of those plants with flowering stems more aeid than the vegetative 
stems, already mentioned (Chapter X). 

Apart from one slightly more acid (pH 6*6) stem in October 
(Table II), the uniformity of reaction in the tissues of Glieiranihus 
cheiri is remarkable. This, as will be seen later, is not an isolated 
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Table III. CheirantJms cheiri {Shade) 



1 

■S 

*1 

1 


1 


t 

I 

i 


1 


i 

I 



r 


2 

s- 

1 


1 

1 


i 

i 

1 

•s 

.s 










■ 

■ 

{pi 

A 


Szi 



i» 2 r> 









■ 







Juno . . . 

UM 

a 

a 

a 

a 


a 


H 







... 

5L 

e. 

a 

a 

a 


a 

a 

hk 

a(h) 

a 

(1 

3 

7*6 

one year 

July • . . 

UM 

a 

a 

a 

a 

a 

a 

h 

a 

a 

(1 




... 

5 L 

c 

a 

a 



a 

a 

h 

h 

a 

(I 

3 

5-0 

y* 

August . . 

SUM 

a 

a 

a 

a 

a 

a 

h 

a 

a 

(1 




M 

L 

11 (h)' 

a 

a 

a 

a 

a 

h 

h 

a 

d 

3 

7*6 

99 

Soptomhor 

UM 

a 

a 

a 

a 

a 

a 

h 

a 

a 

d 




IT 

r>L 

a 

a 

a 

a 

a 

a 

h 

h 

a 

d 

2 

7*6 

99 

»» 

r> UML 

a 

a 

a 

a 


a 

a 

h 

a 

a 

d 

1 

7*6 

99 

October . . 

UM 

ac/ 

a 

a 

a 


a 

a 

h 

a 

a 

d 




»» • • 

5L 

a 

a 

a 

a 


a 

a 

h 

ac' 

a 

d 

3 

8*5 

99 

November. 

UM 

a 

a 

a 

a 


a 

a 

h 

a 

a 

a 




>» 

5L 

a 

a 

a 

e 


a 

a 

h 

a 

a 

a 

3 

7*5 

99 

l)o<*.omber . 

UM 

a 

a 

a 

a 


a 

a 

li 

a 

a 

a 





r> L 

a 

a 

a 

a((0' 

a 

a 

h 

a h 

a 

a 

3 

10*0 

99 

li)2b 
















January . 

UM 

a 

a 

a 

a 


a 

a 

g 

a 

a 

— 





b L 

a 

a 

a 

a(o)' 

a 

a 

g 

a 

a 

— 

3 

7*6 

*9 

February - 

UM 

a 

a 

a 

a 


a 

a 

g 

a 

a 

— 




?* • 

<S L 

a 

a 

a 

a(e) 

a 

a 

h 

a 

a 


3 

7*5 

** 

March . , 

UM 

a 

a 

a 

a 


a 

a 

g 

a 

a 

1 




M • ■ 

<S L 

a 

a 

a 

a 


a 

a 

h 

a 

a 


3 

7*5 

»» 

April . . . 

UM 

a 

a 

a 

a 

a 

a 

g 

a 

a 





»» ... 

($ L 

a 

a 

a 

a 


a 

a 

h 

a 

a 

— 

3 

7*5 

»» 

May , . . 

UM 

a 

a 

a 

a 

a 

a 

g 

a 

a 

- 




»» * • • 

OL 

a 

a 

a 

a 

a 

a 

hk 

a 

a 

— 1 

3 

7-5 


First HoricH 


b 

b 

b 

- 

- 

— 

b 

Z 

bZ 

Z 






((*)' ill one Ktoin. (o) oolloiichyma, (h) groups of colls, (h)' cuticle, c' walls. 


lihonomeiion. The fact that about thirty thousand <)l)servaii()ns 
nan bo made upon seventy two i)lants of one speeies, thirty six 
from a sunny jiosition in one garden and tliirty six from a shaded 
£)ositiou in another garden, without yielding more tlian a f<‘w 
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CHAPTER XI 


variations in the hydrogen ion concentration of the tissuoa })oars 
witness, not only to the stability of the reaction in this Hi)ocies 
throughout the year and under different conditions, but also to 
the reliability of the Range Indicator Method. We do find variation 
and differentiation in a considerable number of other cases, so 
that if variations or differentiations of any size occurred they 
would be and are detected by this method. 

Considering the tissues, the pericycle is iiniformly of pH O-O 
with no exception in eitlier sun or shade plants aiul throughout 
the year. The evh-epidermis, cortex, ‘pMoem and tiio otnitral i)ari. 
pi the pith were all of pH 5'9 throughout the year in the sliadt* 
plants (Table III). In the sun plants there is one exception, 
pH 5‘6, in the sub-epidermis of one plant (Oct.); in the phloem 
and central pith there is also one exception, pH 4-4—4*0 in 
December, while in the cortex of the sun plants an occasional 
development of oollonchyma gave pH 6’2—4*8 in addition to the 
pH 5'6 for one plant in October as for the sub-opiderniis. 

The epidermal hairs were of pH 6-9 throughout the year in 
the sun plants, but of pH 6’6—4-8 during the summer and autumn 
in the shade plants, becoming less acid, pH 6*9, in the winter. 
The epidermis was mainly of pH 6'9 and, ax>art from the October 
sun plant (pH 6‘6), greater acidity was found only occasionally 
in the walls or in the contents of some of the cells. In the sliad(‘ 
plants for June and July the epidermis of the lower parts showc*d 
pH 6‘6 as compared with pH 5’9 for npi)or and mitldle parts of 
the stems. 

The endodermis was at pH Od) uniformly during the months 
March to September in both sun and shade plants. Slightly 
greater acidity appeared in the sun plants for October, and stall 
greater acidity appeared in both sun and shade plants during 
November, December and January. The sun plants showo<l this 
increase of acidity earlier (Oct.) and lost it earlier (hVhy.), than 
did the shade plan's which showed the increase of acidity in 
November and returned to the pH .dd) in March. 

The xylem again showed a change from h to g with ih<< intr<i- 
duction of the sixth indicator, but the bromo-cresol gr(«m indi¬ 
cations were not always certain, so that the h range, pH 4*4—tdi, 
occurs also in the later records. In a few cases there wore still 
more acid parts in the xylem with pH < 3'4. Tlie pith in the 
region of the medullary rays was mainly of pH 5d), iuit the lower 
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]>arts of the Htem during 1925 showed a general tendency towards 
lignificjation with concomitant increase in acidity. During 1926 
this ray region of the pith is recorded as uniformly of pH 5-9 
but this requires re-investigation in view of the above-mentioned 
records for 1925. 

From these brief notes on the records in Tables II and ITT, 
it will be seen that, in a<ldition to the already noted uniformity, 
ilu^rt’i are also variations whiesh a])pcar to have some significance 
in the general life of the plants. There are slight <lifferences in 
sun and slia<le plants atid there are slight differences which are 
apparently connected with seasonal changes rather than with 
age or state of development of the plants. 

Ijamlwn 'iPUT-puveunt 

The material of this species was obtained from plants cultiv- 
at(^<l in an exi)oscid position with a southern aspect in the Class 
(}ar<len. Queen’s University. The vegetative stems which grow 
up into flowering stciins were examined in transverse section. 
The results are suniinarised in Table IV. 

On (H)ini)ar!ng these* reeor<ls with those for the flowering 
steiii, w(‘ find that the records for all the tissues are consistent, 
with t.h<*s e!XC<‘[)t.ion of hZ for the ondoderinis. The more acid 
range is iiot found in the endodermis of the vegetative stems, 
and th<‘ Z range, i)H 5,2—4,0, is confined in that tissue to the 
low(‘r part of thi‘ flowering stem. The upper and middle parts 
have the h range wlu<di is very near the a and inelinles tlie C 
rang<i foun<l for th<^ (MidcMiermis of the veg(‘tatiivc‘ stcmi. 

Consid(‘ring t.li<‘ pnwuit. dat»a for the tissue's, the' collvtich j/frta 
and th(' vpidvrmal hairs arc^ uniformly of ])H 5-2—4*S tbrougliout 
th<>i year. The xylvm shows tlH>* range ])H 4-4—4-0 rcsl.rietc'd to 
pH 4'4 by the consistently elefinite indications givcni by bromo- 
crosol green. The epidermis being self-coloured with a <l<'ei<led 
pink yielded no reliable indications of reaction values. The 
reaction of the sub-epidermis varied, being mainly pH 5-6 but 
showing greater acidity in June and slightly loss acidity in July, 
and from December to Mareh in some or all of the plants examine<l. 
fluiu' is the main flowering period and the Juno to July variations 
may be coniu'c^ted with antlu^sis, while the other ])eri()<l is that 
of reduced vegetative activity, the winter period. 
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Table IV. Lamium jnirpur&um 



Xo. of steins 
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■weather or fliKstuating internal oonclitiom rather than seasonal 
tthangcs either inniclo or outside the plant seem to be indicated 
in this case as the factors governing the reaction values. 

The 'piih betw<wm the vascular bundles sho-ws a general 
toiwleiusy towards Ugnification of the walls as the stems got older, 
giving |)H 4*4 to 4-(> from July to October. The shoots examined 
from November onwards were now growths, formed after tho 
flowering sknns ha<l die<l tlown for tho winter. Tho coll Contents 
Hhowe<l an erratic variation from pH 5'9, which was normal, 
to i)H 5'(i which oc<turred in some sootions in Novomher. The cell 
(ionients of the rmlral jtith showwl a similar variation within tho 
same range. 


Seneclo vulffat'is 

Th(< material of this speoios was obtained from plants grown 
in a sheltered position with a southom asjicct in the Research 
(lanlen. Queen's University. Tho records are summarised in 
T'ablo V, and for all tissues they aro consistent with tho previous 
r<‘(u>rds for the flowering stem which is again an elongation of 
th<j v(‘g(d.ative Ht<ini. 

With one doubtful exception the collenvhyma is always of 
pH r ,-2 to 4;'8. Tho xylem Ih again of pH 4-4—4-0, restricted to 
pH 4*4 aj)pr<)ximaiely by the \ibc of bromo-cresol green. 

The e.piiU*rmal hnirs arc of pK 5*6, except in January and 
Fcd>ruary when they are rooorclcd aw more acid pH 5-2—4*8. 

T}i<^ vpidarynis and Huh-e.pide/rrtiis arc similar, being 1)14 5*6 
from March until November, with tho middle and lower ])artH of 
th(s stem epid<‘rmiH in May more acid, ])H 5-2—-4*8. Thi« variation 
is again in the main flowering scaHon. In all the plants for De¬ 
cember aii<l in t wo of the t.hree in h'ebruary a lesser acidity of 
these two tissues, ])H 5*9, is reconled. 

Tho cortex varies in much the same way as in Lamium pur- 
puraum from a to c erratically, with the c range predominating. 
Tho endodermis is more uniformly of jjH 5-6, with pH 5*1) appearing 
in some colls of tho lower part of tho July stems and in th<‘ whole 
of this tiss\ie in all stems for December, April an<l May. TIu' 
prriryrfe and phloem vary almost in the same way as iht‘ endo- 
<lermis, e.xcept that the pH 5*9 does not occur in April. 

Th(i pith between, tho vascular bundles is mainly of pH 6*9, 
but shows pH 5*0 in September, November, and rlaniiary to March. 

I*rt>to|>lafliua-M<>iiogra|>hiou II: Small 19 
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CHAPTER XI 


Table V. Senecio vulgaris 



WOODY STEMS 
Aucuba Japtmica 


The material of this species was obtained from a shrubbery 
in the gromids of Queen’s University. The records ar<‘ siiininaris(‘(l 
in Table VT. 
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Table VI. Attcuba japonica 



Indicators 

Part 

Epidermis 

Sub-Epidermis 

, Cortex 

j 


1 

s 

1 

1 

s 

i 

i Pith, central | 

1 

00 Jt 

§ § 

ij 8 

00 

•8 -a 

00 

Part of shrub 

1025 














June . . 

5 UML 

V. 


c*. 

C 

c 

0. 

ii 

0 

c 

— 

1— 50 

T. 

1* * • 

5 UMI. 

o 

c 

0 

0 

0 

c 

li 

0 

o 

— 

2— 5-0 0-5 

S.B. 

July. . . 

5 UML 


a 

a 

a 

a 

a 

]i 

a 

a 

— 

3— 7-5 

T.S.B. 


UM 


a 

a 

a 

a 

a 

h 

a 

a 

— 



*1 • • 

5 L 

(« 

a 

a 

a 

a 

a 

h(k) 

a 

a 

- 

3 - 7*5 o r) 

T.S.R. 

.St‘pto«il)or 

U 

f. 

a 

a 

a 

a 

a 

h 

a 

a 

— 



»» 

5MI.4 

c. 

a 

a 

a 

a 

a 

h(k) 

a 

a 


3~10-0 5(> 

T.S.IL 


U 

(• 

c 

t; 

c. 

c 

c 

li 

a 

(! 

— 



• 

5 M L 

CJ 

(! 

t; 

c 

c 

c 

hk 

c 

c 

— 

3— 5-0 8-5 

T.S.B. 

Nov(»inh(‘r 

U 

<• 

0 

a 

a 

a 

a 

h 

a 

a 




»» 

5 ML 

(* 

a 

a 

a 

a 

a 

hk 

a 

a 

— 

2 - 40 

T.H. 

It 

U 


a 

a 

a 

a 

a 

li 

a 

a 





5 ML 

f 

a 

a 

a 

a 

a 

h 

a 

a 

- 

1 0-5 

S. 

D(W(»inb<*r 

5 UML 

0 

0 

<' 


(* 

(' 

h 

(' 

t» 

... 

3 «T> 

T.S.IL 

1020 














Jaikuary . 

0 UM 

a 

a 

a 

a 

a 

a 

a 

a 

a 

k 




L 

a 

a 

a 

a 

a 

a 

h i 

a 

a 

k 

3 7*5 

T.S.IL 

February. 

0 UML 

V 

a 

a 

a 

a 

a 

i(k) 

a 

a 

k 

3 - 7 T> 

T.S.IL 

Mart'll , . 

U 


a 

a 

a 

a 

a 


a 

a 

k 



«< • . 

0 MI. 


a 

a 

a 

a 

a 


jL 

a 

k 

3 7-5 

T.S.IL 

April . . 

U 

ac 

at* 

a 

a 

a 

a. 


a 

a 

k 




<i M 

ac 

a 

a 

a 

a 

a 


a 

a 

k 

2 7-5 

T.S. 

• • 

L 

at' 

at; 

a i* 

a 

a 

a 

li 

a 

a 

k 




0 U 

V 

<' 

at* 

(' 

t‘ 

0 


t* 

t* 

k 

J - 50 

IL 

• * 

ML 

<• 

cc 

a f 

t* 

t* 

t* 

Ii 

t* 

V 

k 



May . . . 

0 U 

c 

t* 


i' 

a 

<* 

h 

t* 

t* 




«« > • . 

M 


0 

i* 

(* 

a 

t* 


i' 

(' 

- 

1 50 

H. 

ft • . • 

L 

0 

(‘ 

o 

e 

f 

t‘ 


c 

c 

— 



jf • . • 

U 

(• 

c 

ac 

a 

a 

a 


a 

a 

— 



ft ■ • . 

UM 

c 

c 

c 

c 

c 

0 


a 

c 


1— 0*5 

r. 

»» ... 

I. 

0 

c 

c 

c 

0 

<i 

i 

a 

0 

— 



*» • . ■ 

U IT 

tt 

t; 

a 

a 

a 

a 


a 

c 

— 



... 

M 

c 

c 

c 

c 

it 

a 


a 

(t 


1-- 50 

s. 

. 


c 

c 

(• 

f 

t: 

(• 


a 

c* 

















148 


CHAPTER XI 


Apart from the practically constant records of strong acidity 
in the lignified walls of the xylem and in the cuticle, the tissues of 
this stem show quite a considerable variation throughout the year. 
For example, most of the tissues of the top twig in June wore of 
pH 5*6, while the side and base twigs showed pH S’2 —4*8, and 
all three twigs for Jxily were mainly of pH 6*9. 

The ejiidermis shows a tendency to be of pH 5'2—4*8 dxiring 
the summer months and of pH 3*6 or higher from August to 
February, with December as an exception. The return to the 
more acid range was complete in March, but two twigs reverted 
to the less acid range in April and the upper parts of two twigs 
were of this higher pH in May. One stem in June also showed 
the lesser acidity, so that there were several exceptions to the 
general tendency towards greater acidity during the summer 
(April in part to July), and lesser acidity dxuring the rest of the 
year. 

The aub-epidermis is mainly in the range pH 6*9—6*6 with 
exceptions in May, June and December. The cortex and endo- 
dertnia varied in the same sense as the sub-epidermis. 

The pericycle showed the range pH 6*9—6*6 with exceptions 
in April (one twig), in June (two twigs) and in December (throe 
twigs). The phloem and pith were the same as the pericycle with 
one additional more acid twig in May. 

No clear seasonal variations were found in the twigs of the 
spotted laurel. 

ZAgttata'uan vutguve 

This material was from a hedge in the grounds of Queen’s 
University. The results are summarised in Table VII, and are 
consistent with those recorded in the First Series so far as 
the latter go. 

There is a general tendency for the walls of the cells to be 
more acid in the lower parts of the twigs, in the epidermin, aub- 
epidermia, pericycle and xylem. The tendency is very clearly 
shown in the pericycle, where the more acid parts often include 
both middle and lower parts of the stem, and also by the xylem. 

The variation in epidermia and aub-epiderrnia is very largo 
extending from the range a to i, that is throughout the normal 
range of our observations. It will be noted, however, that for 
the epidermis the higher range a to c does not occur during the 
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Table VII. Ligustrwm mdgare 



Part of shrub 
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CHAPTER XI 


Table VII (oontd.) 


Date 

Indicators | 
Part 1 

1 

1 

M4 

i 

1 

Endodermia il 


1 

Ph 

Phloem 

§ 

w 


Pith, central 

Hairs 

I i 

■K " 

•g -a 

o M 
w 

1926 













February. 

U 

i 

i 

a 

a 

a 

0 

g 

a 

a 

— 


»» 

6 ML 

i 

i 

a 

a 

ik' 

a 

h 

0 

0 

— 

1 

1 


XJ 

e 

e 

e 

0 

0 

e 

g 

a 

a 

— 


*» • 

0M 

e 

0 

c 

c 

e 

e 

h 

0 

e 

— 

2— 00 

» * 

L 

e 

e 

0 

0 

i * 

6 

h 

0 

e 

— 


March . . 

U 

e 

e 

e 

e 


g 

g 

g 

e 

— 

2— 6f) 


6 ML 

i 

i 

c 

0 

ik' 

0 

ik 

0 

e 

— 



U 

c 

e 

e 

e 

0 

0 

g 

0 

0 

— 


*• • • 

6M 

e 

e 

0 

0 

ik' 

e 

i 

0 

e 

— 

1— 7-5 

99 • • 

L 


e 

c 

c 

ik' 

c 

i 

0 

0 

— 


April . . 

UM 

e 

0 

e 

e 

e 

0 

g 

0 

0 

0 


f9 * • 

6L 

eg' 

eg' 

c 

0 

g' 

a 

ik 

e 

0 

Cl 

2— 0-0 

*1 • • 

U 

e 

e 

e 

e 

eo 

e 

g 

0 

0 

— 


9* * • 

0M 

e 

e 

a 

a 

ec 

0 

g 

a 

a 

— 

1— O'O 

• • 

L 

i' 

i' 

a 

a 

i' 

c 

ik 

0 

c 

— 


May. . . 

U 

|Nat.| 

0 

c 

c 

c 

0 

g 

c 

c? 

— 


99 •• • 

6M 

IPinkj 

e 

c 

c 

ci' 

0 

i 

c 

c 


1— 7-r> 

99 •• • 

L 


e 

c 

c 

ci' 

c 

ik 

e 

o 

— 


99 •• • 

U 

c 

0 

c 

c 

c 

0 

1 iZ 

0 

c 

c 


99 •• • 

6M 

e 

e 

0 

c 

ci' 

e 

, i 

0 

o 

0 

2— 8() 

99 • • • 

L 

e 

e 

0 

c 

ci' 

0 

ik 

e 

0 

c 


First aeries 


— 

1 


bz 

, bz 

b 

z 

bz 

bz 






T.H. 


M. 


T.B. 


H. 


T. 


H.lt. 


e', g', i', k' = walls, (o) — ono twig. 


months November to April. This winter absonee of It'SHcr juudity 
might almost be said to start in October, when* the e]ji(lerniiH 
is generally of pH 5*2—4*8. During tlie sumnUT nionths, May 
to September, the greater acidity is either absent, or j)resent in 
the lower rather than in the upper parts of the twigs. 

This analysis of the variations applies also the sub-ejjiderniis, 
where the more acid winter condition extends from November 
to April, and the loss acid summer condition from May to Soj)- 
tember. 


Part of shrub 
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The cortex and endodem/iis vary in the same sense as each 
other. The range is pH 6-9—4*8, with the range of greater acidity 
dominant only during December in part, and the range of lesser 
acidity clearly dominant from May to October, with a partial 
exception in July. 

The 'pericycle in the lower parts of the twigs was in general 
very acid, in the range pH 4*4—4*0. In the upper parts of the 
twigs pH 5*9 or pH 6*6 occurred from May to October, in De¬ 
cember (part) and in February (part), with the acid July stems 
as an excoi)tion. The range pH 5*2—4*8 occurred in November, 
December (part), January, February (part), March and April. 
There is thus a general tendency in the pericyclc of the upper parts 
of the twigs towards a more acid winter condition and a loss acid 
summer condition. 

In the phloem the variation is again considerable, a to o or 
occasionally h or g. The July stems are again exceptionally acid 
for the summer months. The range of greater acidity is shown 
by the upper parts of the twigs in November, Docombor (part), 
February (i)art), March and April. Omitting the acid July twigs, 
the range of lesser acitlity is shown in these parts during May to 
October. 

March, Aj)ril and July arc the only months during which 
the range. i)H 5*2—4*8 occurs in the pith of the iij)por parts of the 
twigs. During the rest of the year the upper ])arts are in the range 
pH 5-9—5-f), with the lower parts usually more acid, pH 5*2—4*S. 

The vpidrrwal hairs were uniformly in ilie e rang(^ where 
they were se(‘n at all. 

ilhoiloilemlvort pon ticuai 

This niat(U‘ial was obiaiiuMl from shrubs in lh(‘ grounds of 
Oiu^iuTs lJniv(‘rsity. Soiu<‘iinu*s two slirut)s an<l a double' s<'i of 
twigs we'n*! used, but i-he re'sults we^rcs v('ry uniform. 

The records are summaris(Ml in Table! YMII. Tlu' rortrx, 
cfidodvrmis and pith were uniformly of pH 5*2—4-S throughout 
the ye'ar. I'he cuticle^ where it was observed, was always in the 
range i)H 4*4—<■*(). The xylern was usually in this same range, 
with occasional coll walls of i)H < 3*4. The suh-epidermis was in 
the 0 range (pH 5*2—4-8) with the exception of the twigs for 
February (]>H 4*4). The greater acidity occurre<l also in the 
epidermis in February and in some oi)iderinal cells for April. 
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Table 7111. Mhododendron jxynUeum 


Date 

1 

ll 

1 

Epidermis 

Sub-Epidermis 

Cortex 

J 

p| 

Pericycle i 

Phloem ! 

1 

PM 

Pith, central | 

1 

No. of stems 

Size in cms. 

1 

•s 

Urn* 

a 

1925 














June . . 

UM 

e 

e 

C 

6 

0 

0 

h 

e 

o 

— 



»» • • • 

5L 

e 

e 

e 

0 

hk' 

0 

hk 

0 

0 

— 

3-- 7,5 


July . . 

UM 

e 

e 

e 

0 

6 

h 

h 

0 

0 

— 




5Ii 

e 

e 

e 

0 

hk' 

h 

hk 

0 

e 

— 

2—10.0 

T.S. 


6UML 

e 

e 

6 

e 

hk 

h 

hk 

e 

o 

— 

1— 5.0 

B. 

August. . 

6UML 

e 

e 

0 

•0 

hk 

h 

h 

0 

e 

— 

3— 7.5 

T.H.B. 

(September 

U 

e 

e 

6 

© 

0 

0 

h 

e 

0 

— 



>1 

6 ML 

e 

o 

c 

« 

h 

e 

h 

0 

o 

— 

3~- 7.5 

T.S.B. 

October . 

6UML 

e 

e 

e 

c 

ek 

h 

h 

o 

0 


3— 7.5 

T.S.B. 

November 

UM 

e 

e 

6 

e 

h 

h 

h 

0 

0 

— 



i> 

5 L 

e 

o 

e 

c 

hk 

h 

hk 

o 

o 

— 

3- 7.5 

T.K.Ii. 

December 

5UML 

e 

e 

e 

e 

h 

e 

hk 

0 

e 

— 

3—10.0 

T.S.Ii. 

1926 














January 

6UML 

e 

e 

e 

« 

ik' 

ff 

ik 

e 

0 

i 

3— 6.0 

T.S.B. 

February 

6UML 

8 

S 

6 

© 

ik' 

8 

ik 

0 

0 

h 

3- 6.0 

T.S.Ji. 

March . , 

eUML 

e 

e 

e 

c 

ik' 

ff 

ik 

0 

o 

h 

3—10.0 

T.S. B. 

April . . 

U 

0 

e 

c 

e 

R 

ff 

or 

c 

o 

— 



»» • • 

6 ML 

Off 

e 

e 

o 

ik 

ff 

ik 

0 

e 

~ 

2 - 7.5 

T.B. 

»i • • 

U 

e 

e 

e 

© 

K 

e 

u 

0 

e 

— 




6 ML 

eg 

Ct 

e 

G 

ik 

0 

ik 

c 

c 

_ 

1-- 7.5 

H. 

May. . . 

U 

e 

6 

© 

o 

R 

0 

ff 

o 

0 





6 ML 

0 

© 

o 

o 

i 

0 

i 

0 

0 

kI 

3— .5-5 

TdS.B 


k' — walls. 

The only tisBuea shoTying much variation wore the porioyclc 
and the phloem. The 'p&ricyde in tho lower parts of the twigs 
■was almost al-ways rather acid, in the pH 4-4—4-0, or very acid, 
pH < 3-4, particularly the walls. The upper parts of the twigs 
had the pericycle of leaser acidity, pH 5-2—4-H, from .June to 
October with J'uly (part) and August as more acid. Again wo got 
an indication of a ■tendency towards a more acid roactiuii of tho 
pericyole during the winter. 

The reaction of the pAloem was always below pH 6-2, and was 
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above 4*8 only in Juno, September, December, April (part) 
and May. No clear seasonal variations were fotind in this tissue. 

Feroftica sp. x FI nndersoni 

This material was derived from a hybrid growing in a sheltered 
position with a southern aspect in the Class Garden, Queen’s 
University. The results are summarised in Table IX. 

In this case the greater acidity of the lower parts of the twigs 
was so distinct in several of the tissues that it was thought advisable 
to extract the rcoorcla for that part and to group the upper and 
mid<llo pfirts together as in Table IX. 

The xylem in the \q>per and middle imrts is of pH 4*4—4'0 
oi* practically rosirietocl to pH 4*4 with the use of l)romo-crCHol 
green. In the lower part it is usually more acid, in i)art (h It) 
or as whole (i k). The first range is pH 4-4—4-0 or pH < 3-4; 
the second is pH 4*0 or pH < 3“4, so that altogether the xylem 
of the lower |)art is distinctly more acid than the xylem of the 
upper and middle parts. 

The central pith is more ackl in the lower part of the twig 
in February, March and April, and more acid groups of cells 
api^ear in the pericyclc in the first two months. 

The majority of the colls from the e 2 )idormis to the phloem 
more acid in the lower parts of the twigs for Ajm! (part). 
May (part) and Juno. 

(^onsi<lering only the upper and middle parts the epidermis 
and sub-epidermis wesre of j)H 5-(J in June, July, Soj)tcmbor and 
October, also one twig in November, one ea<‘h in March, April 
and May. At» other times the rang(% was pH 5-2—4*8, making 
the winter range more acid and the suinmer range less acid in 
these tisHiu's, with some excerptions. 

The reacstion of i.he cortex and e/ndodermis was predominantly 
less aedd from March to October, more acid from November to 
February, wiOi August as an excei^tion in the ease of the endo- 
<lerruiH. ’'Ilie pericyclc and phloem showed similar winter and 
summer ranges, with August a more acid cxcci)tion as in the 
omlodormis, and the winter more acid range cxtemle<l to include 
March, the summer range being from April to October with 
greater acidity appearing in both May and August in the case 
of the phloem. 
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Table IX. Veronica sp. x V. anderaoni 


Date 

1 

Fpidermis > 

1 

1 

Cortex 

1 Endodermis j 

© 

I 

1 

i 

g- 

1 

j Pith, central 

Hairs 

Xo. of stems 

Size in cms. 

Part of stem 

1925 



.. 1 











June . • 

fiUM 

0 

c 

0 

0 

c 

c 

h 

0 

c») 

- 

3 • 7-5 

T.K.B 

July . . 

6UM 

c 

c 

c 

0 

0 

0 

h 

c 

c 

<>» 

3-6*0 

T.H.B 

August. . 

SUM 

6 

e 

c 

e 

0 

e 

h 

0 

c 

0 

2 6*0 

T.S. 

99 • • 

SUM 

6 

e 

6 

e 

e 

0 

b 

c 

0 

0 

1-6*0 

B. 

September 

SU 

c 

0 

a 

a 

a 

c 

h 

c 

a 

0 


T. 

99 

M 

c 

0 

a 

c 

0 

c 

h 

c 

V, 

e 



99 

SU 

c 

0 

a 

a 

c 

0 

h 

0 

a 

e 

2-«0 

R.B, 

99 

M 

0 

c 

a 

0 

0 

c 

h 

0 

a 

0 



October . 

SUM 

c 

0 

c 

c 

0 

0 

h 

c 

c 

0 

1—6*5 

T. 

99 

5U 

c 

0 

0 

c 

c 

0 

h 

c 

c 

0 



99 • 

M 

c 

c 

0 

c 

0 

0 

h 

0 

a 


2- 0-0 

K.B. 

November 

SUM 

e 

e 

e 

0 

0 

o 

h 

0 

0 

e 

1—7*5 

T. 

99 

SUM 

0 

c 

0 

0 

c 

0 

h 

c 

c 

e 

1-- 7*5 

K. 

9 » 

SUM 

e 

e 

e 

e 

e i 

o 

h 

0 

e 

0 

1 7*5 

B. 


SUM 

0 

0 

0 

e 

e 

e 

h 

0 


0 

3—80 

T.K.B 

1926 














January . 

euM 

e 

o 

0 

c 

c 

c 



0 

o 

2- 6*0 

T.H. 

99 • • 

SUM 

0 

e 

c 

0 

o 1 

o 




o 

1 — 6*0 

B. 

February. 

6UM 

e 

e 

e 

c 

0 

o 


0 

c 

e 

3-()-0 

T.S.B 

March . . 

6UM 

e 

0 

0 

0 

0 

e 

« 

c 

0 

0 1 

1—60 

T. 

99 ■ • 

6UM 

c 

0 

0 

0 

e 

0 


0 

0 

0 

1—6*0 

B. 

99 

6UM 

c 

c 

c 

c 

'C 

0 


c 

c 

0 

1—GO 

H. 

April . . 

6UM 

e 

e 

0 

0 

c 

c 

« 

c 

e 

Cl 

2-6*0 

T.H. 

99 * 

6U 

e 

e 

c 

0 

c 

c 

g 

c 

c 

0 

1 - 6-0 

B. 

99 • • 

M 

c 

0 

c 

0 

c 

c 

ik 

c 

c* 

0 



May . . . 

ttUM 

c 

c 

c 

c 

c 

c 

g 

(! 

(1 

V. 

1 8*0 

T. 

9> • - * 

6U 

e 

0 

0 

e 

0 

c 

g 

C' 

(‘ 


1 8*0 

S. 

»» * ■ • 

M 

e 

e 

c 

h 

e 

e 

g 

0 

(* 




» * - • 

6UM 

0 

e 

c 

c 

c 

o 

g 

0 

c 

0 

1 8*0 

B. 

1925 














June - . 

5L 

0 

0 

c 

e 

e 


hk 

c 

(* 

_ 

3 


July . . 

6L 

c 

c 

c 

c 


c 

hk 

c* 

(1 


3 



1) a in TOP twig. 2) h in Rate twig. CUTICICE i or c. 
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(i) — groupH of 

"I'h(‘ ovfvr pith is vory similar to llio phloem tliroiiglioui, but 
shows ])H 6*9 iiislojul of pH 5-0 in the autumn. (Jroaior acudity 
o(!<uirs in Uu*. rvntrnl pith from November to January, an<l also 
in May and August, so that in this tissue the winter condition 
is of shorter duration. The epidmnal hairs were uniformly of 
pH 6-2—4-8. 

C )nsidoring the lower jjarts of the twigs we find much the 
same seasonal variation, cxcoijt in those months wliere the lower 
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parts are more acid than the upper and middle parts of the twigs. 
Because of this other phenomenon the range pH 5-2—d-'R tends 
to predominate in most tissues throughout the year. July and 
September are the only two months showing lessor acidity in 
most of the tissues, with also one side twig in November and one 
side twig in March. 


Vibutr7iMnt> tiwua 

This material was obtained from a bush in a sholtored x)osition 
in the Besearch Garden, Queen’s University. The results are 
summarised in Table X. 

Again we find the xylem, walls about pH 4’4 in the upper 
parts and about pH 4*0 or pH < 3*4 in the lower parts of the twigs. 
The pericycle also shows this same kind of variation. 

With the exception of the basal twig for September (pH 5‘9) 
and parts of the top twig for May (pH 4*4), the epidermie is uni¬ 
formly in the range pH 5*2—4*8. Tho same September twig and 
groups of cells at pH 6*6 in July form the only exceptions to j)H 
6*2—4*8 for the aub-epidermis. 

The cortex is mainly in the same o range; exceptions being 
odd cells in the July twigs, two of the three April twigs and' the 
middle part of the basal twig for May, which were all of pH 5*0. 
The basal twig for September was less acid* pH 5*9. Tho endo- 
dermia was nearly similar, being of pH 6*6 in July and for tho 
top and side April twigs, as well as for the basal Soptembor twig. 

The pericycle, apart from the acid, h k or i k, lower parts, 
was usually in the common range pH 6*2—4*8 and showed no 
seasonal variation. 

The phloem was mainly in the range pH 5*2—4*4; tho one 
exception being the relatively alkaline basal twig for September. 
It is clear that a solitary variation of this character requires 
re-investigation. It should be noted that nearly all tho tissues 
of this twig, upper, middle and lower parts are recorded as of 
an abnormally low degree of acidity. Other similar eases occur 
and we view these records with suspicion. Tho reactwin may 
actually be abnormal for some unexplained reason, or something 
abnormal may have happened during the process of determining 
the reaction. Absolute cleanliness is a very necessary condition 
for sucoes with the Range Indicator Method. A new set of watch- 
glasses, a badly washed razor, a suspicion of free alkali or oven 
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Table X. Viburnum tinua 
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Table X (contd.) 


Date 

Indicators 

Part 

Epidermis | 

Sub-Epidennifi | 

Cortex 

1 

1 

1 

Xylem , 

Pith, ray 

and central 

j Hairs 

j Cuticle 

Xo. of stems 

Size in cms. 

1 

•8 

•imi 

1926 














April . • 

6U 

e 

e 

0 

c 

0 

e 

g 

c 

i 

i 



t* • • 

M 

e 

e 

c 

0 

ik 

g 

ik 

0 

i 

i 

1— 5-() 

H. 

!• ■ • 

L 

e 

6 

c 

c 

ik 

g 

ik 

^'g 

i 

i 



»» • 

6U 

6 

e 

e 

e 

e 

0 

g 

0 

i 

i 

1— 5*0 

li. 

»» • • 

M 

e 

6 

e 

0 

i 

g 

ik 

0 

i 

i 



• • 

L 

6 

6 

e 

e 

ik 

g 

ik 

Og 

i 

i 



May. . • 

u 

e 

e 

o 

e 

e 

0 

g 

e 

eg 

i 



„ . • • 

6M 

g 

e 

e 

e 

i 

g 

i 

e 

eg 

i 

1—10*0 

T. 

,, • • • 

L 

g 

e 

c 

e 

ik 

g 

ik 

0 

eg 

i 



nf • • • 

u 

e 

e 

e 

e 

0 

e 

g 

e 

eg 

1 

1—11*5 

S. 

99 . • • 

6M 

e 

e 

e 

6 

g 

e 

g 1 

e 

eg 

i 



„ ... 

L 

e 

e 

e 

e 

ik 

e 

ik , 

e 

og 

i 



99 . • . 

U 

e 

e 

e 

e 

e 

e 

g 

e 

eg 

i 



4, • • • 

6M 

e 

e 

0 

e 

e 

0 

g 

e 

eg 

i 

1—11-5 

B. 

99 • - - 

L 

e 

e 

e 

e 

ik 

e 

ik , 

0 

eg 

> 1 




a rather heavy sigh with its accompanying exhalation of carbon 
dioxide may spoil a whole scries of sections. The wonder is not 
that we do come across abnormal results in an analysis of this 
extent, but that the reaction of the tissues can bo demonstrated 
in any case as being in exactly the same range throughout th(^ year. 

Reverting to the variation shown by the phloem within Ihe 
range pH 6*2—4-4, the lower range pH 4-4 occurs only in one or 
both of the two lower parts of all twigs in March and April, in 
one twig in May and in two twigs in June. There is tlius an 
indication of a summer more acid condition of the plilo(‘?n in this 
case, with pH 6*2—4'8 more or less constant during the rest of 
the year. 

The pith^ apart from the abnormal 8eptemher twig, sliows 
pH 6’2—4*8 throughout the year, with pH 4-4 only in some 
cells in the lower part of the April twigs, and some cells of pH »5*() 
in the middle part of the side Sej)leniber twig. 
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Tho Jiairs in this stem show considerable variation. Omitting 
the one abnormal September twig, the range is pH 5“2 to pH < 3-4. 
Tho higher range, pH 6*2—4-8 appears only in some of the hairs 
in May and in all of them in July and October. No clear seasonal 
variation can be traced, although there is some indication of a 
short, loss acid, summer period. The cuticle, where observed, 
was uniformly of jiH 4*0 or pH < 3*4* 

DISCUSSION 

Tho ])roscnt series of records as summarised in Tables I—X 
differs from tliose given for the sunflower (Chapter XII) and tho 
bean (ChapU>»r XIII). These latter two are annual jilants which 
show some changes in tissue reactions at special stages in their 
life-periods, such as at germination, during lignification, when 
maturing as full-grown flowering jdants and so on. The present 
series deals either with stiuns wliich survive the winter as in tlie 
woody plants used, as also in the hairy chickweed and wallflower, 
or with stems which are renewed in one way or another throughout 
the year as in the doadnettlo and groundsel. 

In the former oases we can distinguish the stages of ligni¬ 
fication and maturing, jiarticularly in tho woody stems, as reaction 
diff(‘rences between tho iqiper, middle and lower jmrts of the 
stems. This aspect has already been mentioned in connection 
with most specjies and it is only noeessary to point out that, in gene¬ 
ral, maturing e.hanges in stem tissues seem to involve increases 
in the a<diual acidity of the tissues. Many excicptions to this 
tmideiuiy an<l somo records in tho o[>i>osite s(‘nso, where the lower 
parts are ae.i<l than the ujiper parts, all sliow that this must 
1)0 taken mer(‘Iy as a giuieral indication and not as a ruh*. Much 
more work of this kind is n^quirc^d Ix^fore wi^ can say we ri^ally 
know the reaction ehangc^s wliit^Ji an^ c>ans(' or result- of 

maturing changes in stern tissues. 

As yet tho normal coiieomitane.e of lignification an<l iiuu*(‘asiiig 
acidity and also the concomitance of maturing chloi'cnchyma and 
decreasing acidity are about tho only general ])hen<)mena of 
r(^a<ttion changes which are related in a reasonable way to ilu* 
rcsst of our knowledge of plant physiology. In tho former casc‘ 
a causal relation is far from being demonstrated. In tho latter 
case, although the increased using up of tho carbon dioxitle of 
rc\spiration seems a plausible explanation, tho decreased actual 



160 


CHAPTER XI 


acidity recorded for mature chlorenchyma should firstly be taken 
with reserve on aocotxnt on the difficulty of determining oven 
the colours given by the indicators in green tissues and secondly 
be regarded as possibly connected with buffer changes and/or the 
general carbon dioxide balance or with metabolic effects other 
simple photo-synthesis of respiratory carbon dioxide. 

Apart from these chaaages due to maturing, the present rocowls 
show clearly that in some stem tissues of some of the plants 
examined the hydrion concentration remains remarkably constant 
throughout the year. Variations, usually to a slight extent, occur 
which do not seem to be related to the season or to stages in the 
life of the plant; and in a few cases unexplained fluctuatioiis of 
considerable extent do oocur. 

Other variations are recorded which appear in some successive 
months of the year and not during the rest of the year. These, 
whether related to metabolic changes or not, are for present 
purposes described as “seasonal”. The main seasonal variations 
have been summarised in Table XI, the acidity being marked 
according to whether it is greater (plus) or less (minus) during 
the months named in the following column. The plus and minus 
signs are therefore no indication of the actual hydrion concen¬ 
tration, but indicate only whether the actual acidity is grcattir 
or less than during the rest of the year. During the periods given 
there may or may not be some slight variation in one or more 
of the stems or parts of the stems used for each month. The 
periods are, therefore, to be taken as indicating general tendencies, 
with months which are clearly exceptions given in brackets or 
otherwise. 

In Table XI U. M. and L. are used in the first column where 
the seasonal variation applies only to one or two parts of the stems. 

Considering the seasonal variations found, hairs both in 
Ceraatium and Viburnum are less acid in October, while in Heiiecio 
they are more acid in January and February. Superficially the 
lesser acidity of the hairs in Cheiranthua (shade) for November 
and December seems to be similar to the first records, but it should 
be pointed out that the hairs in the sun plants were uniformly 
of pH 6*9, while those of the shade plants from June to October 
were more acid, pH 6*2—4*8 and attained pH 6*9 in November 
and December. One might have expected the summer condition 
of the shade plants to resemble the condition in the sun plants. 
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Table XI- Seasonal summary for stems (to show general tendencies) 


Plant 

Tissues 

1 Winter C9ianges 

Summer Changes 

Acidity 

Periods 

Acidity 

PericxlB 

Ceraatiiim 

HaiTH 

_ 

October 



tomontoftHm 

Epidermis 

+ 

October—^May 

— 

J uly- September 


Epidermis 

+ + 

January 




Cortex 

+ 

Februar—March 




Phloem 

VV\ 1 

Erratic 

Nov.—Jany. 

+ 

July 

Cheirauthua 
cheiri (Sun) 

Sub-Epid. \ 
(V>rtex j 

+ 

I Plant October 




Eiidodormis 

+ 

October 




Eiulodermis 

4- + 

Nov.—Jany. 




Phloem 

Pith,central f 

+ 

December 



ChpiranthuB 

Hairs 

— 

Nov-—Dec. 



cheiri L.— 

Epidermis 



H- 

June—July 

(Shade) L.— 

Endodermis 


Nov.—Peby, 



Lamium 

Sub-Epid. 

— 

Dec.—M‘\rch 



pHrfJHremn 

iSub-Epid. 



H9 


L.— 

Pith, my 



B 

July-October 

SeneciotHiJyariit 

Hairs 

+ 

Jany.—Foby. 




Epidermis 

— 

Dec. and Feby. 

+ 

M. L. May 


Pith, ray 


Sept, and Nov. 
Jany.—March 



Aticitba japo- 
puniva 

Epidermis 

r 

i 

Auu.—Feby. 
(April) 

+ 

(March) May— 
.July 


Epidermis 

-1- 

Dc‘<*ember 




Suh-Epid. 

(’ortex 

1 

l)e<;cmlK‘r (Oct.) 

1- 

(April )May - 
June 


Eiidodc^rmlH 





Pericyclc ^ 

-1 

D<*ceiirib(‘r 

1- 

April .lunc 


Phloem 1 

1 


(pnrt) 

Ligmtrum 

vulijarv 

Epidermis | 
Sub-Epid. j 

+ 

Oct.—April 

— 

f) uiie-Septemb(‘r 

U.M. chiefly 

( ^o^tt^x ^ 

EndodermisJ 

+ 

December 

— 

May—<)c*tt>ber 

Pericyclc 

-h 

Nov.—April 

4- 

July 


l^hloem 

+ 

Nov.—April 

-1- 

duly 


Phloem 



— 

May—Oetolx'r 


Pith 

— 

Aug.— Feby. 

+ 

March—July 


+ — More aoulity. — — Less a<^i(lity. 


Protoploama-Monographien TT: Kmall 11 
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Table XI (oontd.) 


Float 

Tiseues 

Winter Changes 

Summer Changes 

Acidity 

Periods 

Acidity 

Periods 

Rhododendron 

ponHeum 

Epidermis ) 
Sub-Epid. j 

■ 

Februayr 

— 


U.M. 

Pericycle 

■ 

(August) 

Nov. — ^May 

— 

Juno — October 

Veronica 

hybrid 

Epidermis \ 
Sub-Epid. 1 

+ 

Nov.—May 

-{ 

Juno—July 
Sept.—Oet. 


Cortex \ 

Eadodermisj 

+ 

Nov.—^Feby. 

-{ 

March—July 
Hopt.~()ct. 

U. M.. 

Pericycle 

+ 

Nov, — ^Majroh 

-{ 

April — July 
Sept. — Oot. 


Phloem 1 

Pith, ray J 


Nov. — ^Maroh 
(May and Aug.) 

-{ 

June — July 
Sept. — Oct, 


Pith, central 


Nov. — Jany. 
(May and Aug.) 

_.r 

February — July 
Sept. — Oct. 


(Most) 



— 

July- Sept.-Oot. 

Vihumum 

Hairs 

— 

October 

— 

May and July 

tinus 

M.L. 

Cortex "I 

EndodermisJ 



— 

April — July 


Phloem 



+ 

Maresh —Jjuiio 


Pith 



+ 

April 


+ = More acidity. — = Loss acidity. 


but here we get the reaction of the hairs in tho shade })lanis 
during the last two months of the year the same as that in the 
sim plants throughout the year. Further investigation of tins 
point is clearly suggested. One might theorise glibly, as wit,h 
other reaction phenomena, but we do not know; and the ihorts 
aeid winter condition of the hairs of S&nwaio introduces a com¬ 
plication which forbids generalisations. 

The epidermis in 8em£cio and Aitcuba and the sub-epidermis 
in Lamivm and the pith in Liguatrvm are the only otlier tissues 
showing a less acid winter condition. It should bo noted that 
the only tissue internal to the sub-epidermis which shows lesser 
acidity in winter is the pith of the privet. In Lamium the lesser 
acidity also occurs in July (for the sub-epidermis), so that it is 
not confined to the winter. This summer variatipn may bo connec¬ 
ted with the main flowering period, as also may the increased 
acidity in June. 
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Apaxt from these outer tissues, all the winter variations are 
in the direction of increased acidity. Decreased photosynthetio 
activity is the facile explanation of this tendency but it is more 
probable that the true explanation is complex and probably in¬ 
volves the separate consideration of each tissue and possibly of 
bach species. It may, however, be noted that the tissues showing 
this increased acidity include the cortex, endodermis and phloem 
in four of the five shrubs and two of the herbaceous species exam¬ 
ined ; the epidermis in three shrubs and one herb; and the sub¬ 
epidermis in four shrubs. The pith is clearly less subject to 
seasonal changes than are the outer tissues like the epidermis, 
sub-epidermis and cortex, or the inner but more active cells of 
the phloem. 

The summer changes are more varied in their direction. 
Amongst the herbs such changes as occur may be connected in 
some still obscure way with the flowering period, but the extended 
period of increased acidity in the outer pith of Lamium seems 
more probably a maturing change involving lignification of the 
walls of that tissue. The other relatively long period of lesser 
acidity in the epidermis of Cerastium is complementary to tho 
winter i)oriod of increased acidity which reaches a maximum in 
January. 

Amongst the shrubs the Veronica records, when one eliminates 
the lower part of the stem, show very clearly two seasons. One 
a winter period of greater acidity and the other a longer or shorter 
summer period of lesser acidity, with August as an exception 
to the summer range. In the lower part of tlie Veronica st(‘ms 
tho summer ])eri<>(l of lesser acidity is reduced to one month (tluly) 
for most of the tissues showing any seasonal change*. 

In Viburnum the cortex and endodermis show a short summer 
I)eriod of lesser acidity and this species might he added to the 
other four shrubs showing a greater acidity in winter, but tho 
lesser acidity occurs sporadically during the summer months, in 
April, June and July (see Table X). 

The phloem shows greater acidity for a short period during 
tho summer in Gerastium^ Auouba, Ligustrum and Viburnum,. 
As already suggested this may be connected with the flowe- 
ring period, but two of the shrubs are kept trimmed and do 
not flower, so that if there is any connection it would appear 
to be with preparations for flowering or with changes ooncomi- 

11 * 
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tant with the flowering period rather than a cause or effect of 
anthesis. 

The perioycle in Rhododendron and Veronica has a more acid 
winter period with a complementary less acid summer period. 
But in lAgustfum and Avo'uba a more acid winter period is shown, 
together with a short more acid period in July or during Aj)ril 
to June. 

CONCLUSIONS 

The data obtained enable us to draw a few limited conclusions 
concerning the hydrion concentration of tho stem tissues in the 
‘plants examined. Further, as these stems represent herbaceous 
and woody types, also relatively less acid types such as Cheiranthus 
and Auetdia, and more acid types such as Rhododendron and 
Vdywmwm, we might expect any general indications to bo more 
or less applicable to other oases. Wo have, however, no data 
of the seasonal changes, if any, in the acid typo of herbaceous 
stem such as occurs in the Polygonaceae and Gcraniaoeac (see 
Chapter X). 

Our conclusions may be summarised as follows — IN THE 
PLANTS EXAMINED — 

1. The hydrion concentration of the inner tissues pith and 
zylem tends to remain constant throughout tho year or to 
fluctuate only slightly without any obvious correlation be- 
ween the changes and the seasons. 

2. The hydrion concentration of the cortex, ondotlermis and 
phloem tends to increase during tho winter or decrease during 
the summer in most species. 

3. The epidermis and sub-epidermis, particularly in the woody 
plants examined, tend towards greater acidity during some 
part of the winter period. 

4. The seasonal variations normally affect the out<*r tissiu'^s 
much more than the inner tissues. 

6. Each tissue and ea>ch species should bo considered as an 
individual case when any explanation of the mechanism of 
these variations is considered. 

6. Apart from the seasonal changes a general increase of acidity 
is found to be concomitant with lignification and similar 
processes which take place in the lower parts of the skmis, 
especially in the shrubby plants. 
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That such conclusions are reasonable deductions from the 
data obtained seems to us quite clear. That such conclusions are 
possible seems to us to furnish further proof of the value of the 
Range Indicator Method as a practical process for the deter¬ 
mination of the hydrion concentration of plant tissues, perhaps 
with a lesser degree of accuracy but with a greater degree of 
certainty than is possible with the many other methods which 
have been reviewed above. Part II. It is true that what is deter¬ 
mined by this method is the range within which the actual reaction 
lies, but it is also true that variations occur which bring the hydrion 
concentration out of one range and into another. The variations 
which occur under natural conditions are, in fact, so large that 
for the purpose of a general survey of the actual acidity of plant 
tissues the Range Indicator Method is distinctly useful, 

SUMMARY 

1. The Range Indicator Method has been applied to the deter¬ 
mination of the hydrion concentration of the stem tissue*^ 
of selected herbaceous and woody plants throughout tho year. 

2. A striking uniformity of pH has been found in several cases, 
see Tables II, III, IV, VIII and X. 

3. Variations have been observed, and those may bo groui^od 
as changes with maturing, seasonal changes and fluctuations, 

4. Maturing changes show from upper to lower parts of the 
stems and are usually in the direction of increased acidity, 

3. Seasonal changes occur in the outer rather than in tho inner 
tissues. 

6. For general deductions the reader is referred to the section 
Invaded "‘(^oiKdiisions”. 

(Comparing these n'sults with th()S(‘ of Abbott on a])pl(‘ and 
l)eacii tips (fig. 17); 

1. July is seen to bo a summer month wluui the tiHsu<\s are 
frequently more acid; 2. the herbaceous stems examined, tog(dJier 
with those of Aucuba and Lignatrmn^ show various periods of 
increased actual acidity, like those in the apple but longer in 
duration and usually later in tho year; 3. in Rhododendron and 
Veronica stems there is a short acid period in August and a longer 
acid period covering November to January or later to May; 
this acid winter condition contrasts with the high winter pH 
values in both apple and poach; 4- the data for the Juice again 
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appear to be averages for all the tissues as in BryophyUum but, 
of oourse, the plants examined are different and close oompariHon 
is not possible. It should be noted that apple and poach belong 
to Rosaeeae, an “acid” family, which might be better compare<l 
with Mhododmdron than with any of the other sx>ecies examined 
by the 

(b) Gymnoeperm Leaves. 

DoYtH and Cunoh (J.926 p. 232) using Atkins’ drop in¬ 
dicator method, reported a relatively constant pH for the 
pressed juice of conifer leaves, thus — 


Seasonal Values of pH of Conifer Leaves 



1 1925 

7926 

May 11 

G4 

i-H 

i-H 

CO 

1 

Aug. 24 

eq 

t 

OQ 

Oet. 22 

00 

> 

Jan. 13 

Austrian Pine 

3-8 

3-7 

3*9 

3-5 

3-7 

3-6 

3*6 

3*« 

Pinus montandi 

— 

— 

— 

3-6 

— 

3-8 

— 

_ 

Tsuga , . « • 

3-6 

3-2 

3-3 

3-6 

3-5 

3-6 

3'($ 

3-5 

Abies . . • « 

3-7 

3-5 

3-7 

3-6 

38 

3-7 

4*3 

3*7 

Sitka Spruce, 

3-6 

3-4 

3*6 

3-7 

3-7 

3-7 

3‘7 

3*7 

Gupressus . . 

— 

4-6 

4-6 

51 

51 

5-0 

4*8 

5*1 

Juniperus • , 

— 

4-6 

4-0 

5'2 

5-3 

5*4 

5*3 

5*3 

Larch <Eur.) 

3-3 

3*5 

3-8 

41 

3-8 

4-3 

fallen 

fallen 

Douglas Fir . 

— 

— 

— 

3*7 

— 

1 

— 

— 


These records show a variation, but, considering the method, 
it would be difficult to trace a seasonal significance in the 
changes. 


(c) Angioaperm Leaves 

The tissues of the leaves of several herbaceous and shrubby 
plants were investigated at monthly intervals throughout the 
year by Rea and SmaXiIj. The methods wore as <loscribod for 
stems, the upper, middle, and basal part of each loaf i>cing scc- 
tioi^Led. In the case of shrubs the end loaf from a twig on the 
top, side and base of each shrub was taken; this is indicated 
by T. S. B. in the tables below. The results are here publi¬ 
shed for the first time and are summarised below in Tables 
XII—XXI. 
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Table XII. Dianthus cm-yophyllua var. 



of leaves 
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Table Xni. 


Saxifraga urnftromf-. 



II ~ 

- — 





1 .£3 



Date 

Indicators 

Part 

S' 

1 

tS- 

ei 

A 1 

s 

s § 

flS g 

^ a 

Spongy 

parenehvma 

i 

a 

1 

Bundle sheat 

Guard cells 

*1 

1 

1925 










June .... 

6UML 

h 

h 

1) 

h 

h 

h 

ll 

ll 

July .... 

5UML 

h 

h 

h 

ll 

h 

h 

h 

ll 

August • . . 

r> UML 

h 

h 

h 

ll 

ll 

h 

h 

ll 

September . 

5UML 

h 

h 

h 

ll 

h 

h 

ll 

h 

October - . . 

6 UML 

h 

h 

h 

ll 

ll 

h 

ll 

ll 

November. . 

6 UML 

h 

h 

h 

ll 

ll 

h 

h 

h 

December, . 

6 UML 

ll 

h 

h 

ll 

ll 

h 

ll 

h 

1925 










January . . 

CUML 



g 

i « 

y 

g 

g 

g 

February . , 

6 UML 

yi 


g 

H 

y 

g 

g 

g 

March . . . 

6U 

i 

y 

g 



g 

g 

g 

9t ... 

ML 

y 

y 

g 



g 

g 

g 

April .... 

« U 

« 

gi^) 

gi^) 


« 

g 

g 

g 

.... 

ML 

i 

gi 

gi 


K 

g 

g 

g 

May .... 

6 U 


K 

g 


K 

0 

g 

g 

f .... 

M 

gi 

gJ 

gi 


K 

e 

V 

(' 

. 

L 

gi 

gi 

gi 


K 

0 

c 

o 


1) pH 4-4 with spots of pH4-0; hairs pH.4-4 or pH4-J. 
Leaves were both young and old. 






Cj 

.a 

<b 


,3-7 
:{-7 
:t :i-7 
:^7 

:m 

.'i :i-7 

3-7 

2 5 
31 
3 3-7 
5-5 
3 3-7 


3 3-7 

3 - 7 

4 - 3 
3 2 r> 


2*5 

3-7 

3 3-7 

3 4-3 
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Table XIV 
lAnmanthes Douglasii 


BASES OF LEAFLETS 


Date 

Indicators 

Position of 
leaflet on leaf 

Upper epidermis 

Palisade ! 

paienchyma | 

Spongy 

parenchyma 

Xylem | 

Phloem 

Bundle sheath 

Guard cells i 

T 

a 

a> 

1 

No. of leaflets i 

1925 












June .... 

5 

UML 

a 

a 

a 

h 

a 

a 

a 

a 

3 

July . . . . 

5 

UML 

a 

a 

a 

h 

a 

a 

a 

a 

3 

Au^^uat . . . 

5 

UML 

a 

a 

a 

h 

a 

a 

a 

a 

3 

Septomhor . 

5 

UML 

a 

a 

a 

h 

a 

a 

a 

a 

3 

October, , . 

5 

UML 

a 

a 

a 

li 

a 

a 

a 

a 

3 

November. • 

5 

UML 

c 

0 

c 

h 

c 

c 

c 

c 

3 

IJocombor. . 

5 

UML 

a 

a 

a 

h 

a 

a 

a 

a 

3 

1026 












January . . 

0 

UML 

a 

a 

a 

g 

a 

a 

a 

a 

3 

February , . 

6 

UML 

a 

a 


g 

a 

a 

a 

a 

3 

March . . . 

6 

UML 

a 

a 

a 

g 

a 

a 

a 

a 

3 

April .... 

6 

UML 

a 

a 

a 

g 

a 

a 

c 

o 

3 

May .... 

6 

UML 

c 

* 

c 

1 ^ 

c 

c 

c 

c 

3 


PETIOLES 


Dak* 




Indicators 

Epidermis 

Subepidermis 

Cortex 

Eiidodermis 

CJ 

.a 

Ph 

& 

a 

Qj 

PL, 

Ground 
' tissue 

No. of petiole 

1925 

Jun<* .... 




5 

a 

a 

n 

a 

a 

Ik 

a 

e 

3 

July .... 




5 

a 

a 

ti 

a 

a 

h 

a 

a 

o 

»» - . . - 




5 

a 

a 

i\ 

a 

a 

h 

n 

V 

2 

August. . . . 




5 

a 

a 

a 

a 

a 

h 

a 

a 

2 

.9 ... 




5 

c 

V 

C’ 

<*. 

i*. 

h 

e 

<* 

1 

ScpU‘mb(»r . . 




5 

o 

a 

a 

a 

a 

h 

a 

a 

3 

October . . . 




5 

a 

a 

a 

a 

a 

h 

a 

a 

3 

November . . 




5 

c 

a 

a 

a 

a 

li 

a 

a 

2 

»» • • 




5 

e 

a 

a 

a 

a 

h 

a 

o 

1 

Ueoembor - . 




5 

c 

a 

a 

a 

a 

h 

c 

c 

3 
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Table XIV (contd.) 


Date 

1 

1 

Epidermis ! 

1 Subepidermis ' 

1 

i 

i 

Pericvde 

J 

1 

I 

s 

li 

8 § 

o 

O) 

Ph 

•g 

■A 

1926 











January . 

6 

a 

a 

a 

a 

a 

g 

a 

o 

2 

99 . 

G 

a 

a 

a 

a 

a 

yi 

a 

c 

1 

February. 

6 

c 

a 

a 

a 

a 

g 

a 

a 

3 

March. 

6 

0 

a 

a 

a 

a 

g 

a 

a 

3 

April. 

6 

0 

a 

a 

a 

a 

g 

a 

c 

2 

99 . 

6 

0 

a 

a 

a 

a 

g 

a 

c 

1 

May. 

6 

0 

a 

ao 

a 

a 

g 

a 

c 

3 


Table XV 
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Table XV (contd.) 



e 


No. of leaves 
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Table XVI. Atwubn ja-ponica 


Date 

1 

1 1 
1 

Upper epidermis j 

Palisade 
parenchyma 1 

Spongy 

parenchyma 

1 Xylem 

Phloem 

Bundle sheath 

Guard cells 

Lower epidermis 

1 Xo. of leaves 

* Position on shrub 

Size in cms. 

1925 












June . • 

6U 

c 

0 

c 

e 

(5 

a 

0 

c 

1 T 

56 


ML 

o 

0 

0 

h 

0 

a 

0 

c 



93 • • 

SU 

e 

0 

0 

e 

0 

e 

0 

0 



93 * • 

ML 

0 

0 

e 

h 

0 

0 

0 

0 

2 SB 

f), (J-2 

July. . . 

6UML 

c 

c 

0 

h 

0 

a 

c 

0 

3 TSB 

7-5, «2,0-2 

August . 

6U 

a 

a 

a 

h 

a 

a 

a 

a 

3 TSB 

10, 7-5,11*2 

• 

ML 

a 

a 

a 

h 

a 

a 

c 

0 



September 

6UML 

a 

a 

a 

h 

a 

a 

a 

a 

3 TSB 

l(),«-2, 8-7 

October . 

6UML 

0 

c 

0 

h 

0 

0 

c 

c 

3 TSB 

13*7,11-7,8*7 

November 

SU 

a 

a 

a 

h 

a 

a 

a 

a 

3 TSB 

81, io,r>-« 

99 

LM 

a 

a 

a 

h 

a 

a 

c 

c 



December 

6UML 

6 

e 

0 

h 

e 

e 

0 

0 

3 TSB 

13-7,11 2, 10 

1926 












January . 

CUML 

a 

a 

a 

g 

a 

— 

a 

a 

3 TSB 

10,7*5, 0*2 

i’ebruary* 

6UML 

0 

a 

a 

g(i) 

a 

a 

c 

0 

2 TB 

0*3, 5 

99 

6UML 

a 

a 

a 

g(i) 

a 

a 

c? 

a 

* 1 S 

5 

March . . 

6UML 

a(c) 

a 

a 

g 

a 

a 

c 

a(o) 

3 TSB 

9*3, r) (), 5 

April . . 

6UM 

a 

a 

a 

g 

a 

a 

c 

a 




L 

a 

a 

a 

g(i) 

a 

a 

(*. 

a 

2 TS 

12*5, 7*5 

99 * • 

6UM 

c 

a 

a 

g 

a 

a 

0 

0 




L 

0 

a 

a 

g(i) 

a 

a 

0 

c 

1 It 

6*2 

May. . . 

6UM 

0 

0 

c 

g 

c 

a 

c 

0 




L 

0 

c 

c 

g 

0 

c 

c 

0 

3 TSB 

5*6 


T.S.B.=top, side, base of Hhrub. 

(e) walls; (i) iii part; outiolo g or i. 


LEAYKS OF UERItS 

DiatUhus caryophylliM. — The xylom and fibrcH arc jwiid 
throughout. The other tissues vary mainly from a to c (pH fl’O 
to pH 6'6). The more acid range o (pH 6'2 to 4’8) occurs in most 
tissues in December (1 leaf), January (bases of 3 loaves), Fe¬ 
bruary (middle and base of 3 leaves). This acid range also occurs 
ocoasionally in the upper epidermis and the phloem, but the 
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Table XVII 
Hgustrum vulgare 


I it ill I I 




Size in cms. 
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Table XVIII 
Rhododendron ponticum 





1 


r 




* . 

BB 



Date 

1 . 

C6 

;3 ^ 

1' 
’S ' 

1 

& 

Hypodermis 

Palisade 

parenohyma 

Spongy 

parenchyma 

U 

Phloem 

Fibres 

Bundle sheath 

Guard cells 

Lover epidenni 

■ 

i 

.s 

1925 













June . . 

6UM 

e. 

e 

0 

e 

h 

e 

e 

e 

0 

3TRB 

4*3 

■ 

L 

e' 

e 

0 

0 

h 

e 

h 

0 

0 



July. . . 

6U 

h. 

h 

e 

6 

h 

e 

e 

6 

6 



M 

h’ 

h 

e 

e 

h 

h 

h 

6 

0 

3THB 

(J*2 


L 

h' 

h 

h 

h 

h 

h 

h 

h 

h 



August . 

6UML 

h. 

h 

e 

e 

h 

h 

hk 

e 

e 

3TSB 

7*5, «*7 

September 

6UML 

h 

h 

e 

e 

h 

h 

h 

6 

0 

3TSIi 

10, 7-5 

October . 

6UML 

h 

h 

0 

e 

h 

h 

hk 

0 

0 

3TSB 

10,10, 0*2 

November 

fiU 

e 

e 

e 

e 

h 

h 

6 

6 

0 




ML 

h 

h 

e 

e 

h 

h 

hk 

e 

0 

3TSB 

5, 7-5, 5 

December 

6U 

e 

e 

e 

e 

h 

h 

hk 

e 

0 




ML 

e 

e 

e 

e 

k 

h 

hk 

0 

0 

3TSB 

0-2 

1926 













January 

6U 

g 

g 

e 

e 

g 

g 

g 

e 

0 




M 

gi 

gi 

e 

e 

g 

g 

ik 

e 

e 

3TSB 

8*1 


L 

gi 

gi 

e 

e 

ik 

g 

ik 

e 

0 



February 

6U 

g 

g 

e 

e 

g 

g 

g 

0 

c 




M 

gi 

gi 

e 

e 

g 

g 

g 

e 

Q 

3TSB 

7-5 


L 

gi 

gi 

e 

e 

i 

g 

ik 

e 




March . . 

6U 

g 

g 

e 

e 

g 

g 

g 

0 

Q 




ML 

gi 

gi 

e 

e 

i 

g 

i 

e 

0 

3 TSB 

0*2 

AprU . . 

6U 

g 

g 

e 

e 

g 

g 

g 

0 

e 




ML 

! gi 

gi 

e 

e 

ik 

g 

ik 

0 

e 

3TSB 

0-2 

May . . 

0U 

e 

e 

e 

e 

g 

1 ^ 

g 

e 

e 




ML 

e 

e 

e 

e 

i 


ik 

e 

0 

3 TSB 

50 


cuticle k. 

Saxifraga umbrosa. — All the tissues througho\it this leaf 
and throughout the seasons are in the range pH 4'4—4'0 (gh i), 
with one variation to pH 6-2—4'8 in May in the bundle slieath, 
lower epidermis and guard cells. 

Limnanthes Doitglasii, — This leaf is thin and very green, so 
that it was possible to investigate only the bases of the leaflets 
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Table XIX 


•Ferowica andersoni x V. sp. 


Date 

ludicatorB 

Part 

Upper epidermis | 

Hypodermis | 

PaliBade 1 

parenchyma || 

|| 

A 

Xylem | 

r 

1 

1 

1 

1 

Guard oeUs and 1 

Lower epidermis 1 

No. of leaves 

Position on shrub 

Size in cms. 

1925 












Jun? . . 

6UM 

6 

e 

e 

0 

h 

e 

0 

e 

3TSB 

2*6 


L 

e 

e 

e 

c 

h 

c 

e 

e 



July. . . 

6U 

c 

e 

e 

e 

h 

e 

e 

e 

3TSB 

1-9 


ML 

e 

o 

e 

c 

h 

c 

c 

e 



August . 

5U 

e 

e 

e 

e 

h 

e 

e 

e 

2TS 

2*6 


ML 

0 

0 

e 

c 

h 

e 

e 

e 



»f • • 

6 UML 

e 

e 

e 

e 

h 

e 

e 

o 

1 B 

2*6 

September 

5UM 

e 

e 

e 

e 

h 

e 

e 

e 

1 T 

2*6 


L 

e 

e 

c 

c 

h 

0 

e 

e 



ff 

5UM 

e 

e 

e 

e 

h 

e 

e 

e 

2 SB 

2*r> 


L 

e 

e 

c 

a 

h 

0 

e 

o 



Oct her , 

5 UML 

0 

c 

c 

c 

h 


V. 

c 

2 TSB 

2-5, M), 1-9 

November 

5 UM 

e 

e 

<>8 

e 

h 

e 

e 

e 




L 


o 

0 

a 

h 

e 


e 

3 TSB 

2*6 

December 

5 UML 

0 

0 

e 

e 

h 

o 

e 

e 

3 TSB 

31 

1926 












January . 

6 UML 

e 

e 

e 

e 

g 

e 

e 

e 

3 TSB 

2*6 

February 

6 UML 

e 

1 

e 

e 

e 

g 

e 

e 

e 

3 TSB 

2*6 2-6, 10 

March . . 

6 UML 

e 

e 

0 

e 

g 

e 

e 

e 

2 TB 

1*0 

>» * • 

UML 

(• 

<• 

c 

c 

g 

c 


f 

1 S 

10 

April . . 

6 UML 

C! 


e 


g 

e 


e 

1 T 

10 

• 

0 UML 



e 

<• 

g 

c 


V 

1 S 

10 

»» • * 

6 UM 

0 



c* 

g 

e 


(* 

1 B 

10 


L 

0 

e 

e 

e 

g 

e 


c 



May 

6 UL 

e 

e 

e 


g 

<! 

<t 

<5 

2 TB 

3 7 


M 

e 

c 

e 

e 


c 

e 

CJ 



• • 

6 UML 

e 

e 

e 

e 

g 

e 

e 

e 

1 S 

2-6 


Hairs e throughout where they occurred. 

and the petioles. The letters UML are here (Table XIV) used 
to indicate the position of the leaflet on the leaf, the u])per, 
middle and basal portions of the leaflets. In the bases of the 
leafhds the ])H values for all tissues except the xylem were mainly 
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Table XX. Viburmm tmua 


Date 

§ € 

1 ^ 

os 

IS 

e8 

«L> 9 
'a >, 

bS d 
K O 

II 
^ § 

til 

a ^ 

S.| 

no 9 
& 

i 

Phloem 

Fibres 

s 

s 

s 

so 

53 *§ 
0-0 

0) 

i2 

W 

tn 

P JQ 

> a "2 

S o 5 
^ -gS 

'S 

® ©a 
o 1^0 

Size in cms 

1925 













June . . 

5UML 

6 

e 

6 

h 

0 

e 

0 

0 

he 

2TK 

S-1, 7T) 


SUM 

C 

e 

e 

h 

G 

e 

G 

0 

ho 




L 

e 

e 

0 

h 

h 

h 

0 

0 

ho 

1 B 

((■2 

July. . . 

6UML 

e 

e 

0 

h 

0 

G 

0 

G 

hk 

3TSB 

5, 3-7 

August . 

SUM 

6 

G 

e 

h 

e 

— 

0 

0 





L 

e 

6 

c 

h 

0 

hk 

c 

0 

hk 

3 THB 

(i-2, 7-5 

September 

6UML 

e 

6 

e 

h 

e 

0 

e 

0 

h 

1 T 

6-2 


6UML 

6 

e 

a 

h 

6 

0 

0 

0 

h 

2 KB 

7-5, 6-2 

October . 

6UML 

e 

e 

c 

h 

e 

0 

0 

e 

c 

1 T 

5 

9f • 

6UML 

e 

0 

c 

h 

e 

h 

e 

c 

c 

1 B 

3-3 

ft • 

6U 

6 

c 

0 

h 

e 

h 

e 

e 

G 




ML 

e 

e 

e 

h 

0 

h 

e 

0 

e 

1 K 

r> 

November 

6UML 

e 

e 

6 

h 

e 

h 

e 

0 

0 

3 TSB 

4-2 

December 

6U 

e 

e 

a 

h 

e 

h 

0 

e 

0 

3 THB 

7*5 


ML 

e 

e 

6 

hk 

e 

hk 

e 

0 

0 



1926 













January . 

6U 

e 

e 

e 

g 

e 

— 

0 

G 

0 

3 TSB 

(5-2 


ML 

e 

e 

6 


e 

gi 

e 

G 

G 



February 

6U 

e 

e 

1 <5 

K 

e 

G 

e 

e 

c 

3 TSB 

5 


ML 

e 

e 

e 

gi 

e 

ik 

G 

e 

G 



March . . 

6U 

e 

e 

e 

g 

g 

0 

e 

G 

0 

3 TSB 

5 


ML 

e 

e 

e 

i 

g 

i 

e 

0 

G 



April . . 

6U 

0 

0 

a 

g 

g 

g 

c 

e 

i 




M 

6 

0 

a 

gi 

g 

i 

c 

e 

i 

1 r 

r> 


L 

e 

e 

c 

g 

g 

i 

c 

e 

i 



99 - • 

6U 

e 

0 

a 

g 

g 

g 

e 

0 

i 




M 

e 

e 

a 

gi 

g 

i 

e 

e 

i 

1 s 

5 

99 • • 

L 

e 

e 

c 

g 

g 

i 

G 

e 

i 




6U 

e 

e 

c 

g 

0 

g 

G 

e 

i 




M 

e 

e 

c 

gi 


i 

e 

G 

i 

l B 

5 


L 

e 

0 

e 

gi 

g 

i 

c 

G 

i 



May , , 

6U 

e 

e 

e 

g 

0 

e 

G 

G 

g 




M 

e 

e 

0 

g 

g 

g 

e 

h 

g 

1 

7-5 


L 

e 

e 

e 

i 

g 

i 

0 

h 

go 




6U 

e 

e 

e(c) 

g 

0 

e 

e 

e 

g 




M 

e 

e 

e(c) 

g 

© 

e 

e 

0 

g 

1 2 SB 

<J-2 


1 L 

e 

e 

0 

g(i) 

e 

e(i) 


0 

g 
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of pH 6-9, with the lower value pH 6'6 appearing for all tissues 
in November and again in May, also in the epidermal tissues 
only for April. 

More variation is shown by some tissues of the petioles. 
The usual reaction is pH 6*9, with pH 6‘6 appearing in all tissues 
in one August petiole, in the epidermis for September, November, 
December, February, March, May and for one leaf in April. The 
epidermis, therefore, shows a marked summer period of lesser 
acidity in June, July and August, with another appearance in 
January. The cortex shows some cells pH 6‘6 in May, as well 
as all cells in one August petiole. The ground tissue of the petiolar 
stele shows the acid range, 13 H 5*2—4‘8, occasionally — May (3), 
July (1), January (2), thus contrasting periods of lower pH to 
the periods of higher pH in the epidermis. This ground tissue 
also varies from i)H 6*6 to pH 5*9 being less acid in the spring 
February—March, and again in summer July (2) and August— 
November. 

Primula vulgaris. — This species shows great variation but 
the main features may ho summarised by eliminating the xylein, 
which is always acid, the fibres whicli show lesser acidity only 
in Mareli-May, and the phloem which shows a consistently lower 
pH range (< 5*2) from October to Fel>ruary or March with a 
higher pH in the lcaf-tii> from March to October. The other 
tissues show a l<3wcr pH in January and February, in July in 
the lower portions of all loaves, and in August for all portions of 
oiKi leaf. 

LK.WKS OF SllKUhS 

Auvnha japonlva. — 'The pariMiehyniatous tissue's of this 
sp<'cu‘s vari('s from pH 6*9 t.o pH .6-(> irrt'gularly with the' lowe'r 
range* pH 5*2—4*S appe'ariiig in two June le'ave's aiiel all tine'e' 
leaves fe)r December. 

TAgusirum vulgare. — The variation in this specie's is raithc'r 
ei'ratic, in the range j)H 6*9—pH 4*0; but with the exceptiem 
of one July leaf and the upi^er epidermis e)f the leaf base in August 
there is a distinct summer period of consisUuitly liiglu'r jjH in the 
])arcnchymatous tissues from June to August. With the oxe*eption 
of the spongy parenchyma and of one leaf in January llu'it' is 
also a winter period of genei*al lower pH in these tissues, cxti'iiding 
from October to February. 

I'nitoplaHnia-Mono^raphiiMi II: Small 12 
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BhododeviAron ponticum. — All the tissues in this species are 
in the lower pH range (6-2—4*0 or <3-4). The xylom is always 
4.4, and so are the phloem and fibres except in Juno and at the 
tip of the leaf in July. With the exception of the leaf base in 
July (h), the palisade and spongy parenchyma, the bundle sheath, 
lower epidermis and guard cells are always © (5’2—4'8). The 
upper epidermis and hypodermis are usually more acid (pH 
4*4—4'0) but reach the higher pH range o in May and Juno, also 
in December and for the leaf tip only in November. 

Veronica andersoni X V. ap. — This species also is usually 
of a lower pH © (5*2—4*8), but shows more variation and reaches 
the higher value © (pH 5*6) for most tissues in March (1 loaf), 
May (2 leaves) and in October (3 leaves). The higher value j>H 
6*6 appears occasionally in the paliseule parenchyma and more 
frequently in the spongy parenchyma which reaches pH 6*9 in 
the lower portion of the leaves for September and November. 
There is a marked winter period of almost consistently greater 
acidity in all tissues, extending from November to February or 
March (2 leaves). 

Vibumvm tin/us. — The diHerentiation obtained in the leaves 
of this species was noteworthy in several directions. The upper 
epidermis was constant (pH 6*2—4*8); the palisade parenchyma 
varied to a higher pH (6*6) only in the apical portions of leaves 
for October (1) and April (2). The spongy parenchyma varied 
frcm © to a irregularly with two periods of more or less general 
higher values, September — October and April. The jihlcem was 
nearly always pH 6*2—-4*8 from May (2) to February, being more 
acid pH 4*4—4*0 from March to May (1). The lower opiderniis 
and guard cells were usually pH 6*2—-4*8, but the guard cells 
in one April" leaf were pH 6*6 with the lower epidermis at pH 
6*2—4*8 and again in one May leaf (T, ML) they wore at pH 
6*2—4*8 when the lower epidermis was at pH 4*4—4*0. These 
are noteworthy in being the only occasions on whicli a differ¬ 
entiation between guard cells and lower epidermis has been found 
during this investigation. 

These changes are summarised in Table XXT, where the 
months are arranged from September onwards because the 
tabulation showed a natural break in the change periods as a 
whole at that point. 
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Now it can be seen that Dianthus caryophyllus has a less 
acid leaf with a winter period of lower pH. . Saxifraga umbroaa 
has a more acid leaf with a May period of higher pH. LimnantTies 
douglasii has a less acid leaf with a slight fall in pH for November 
and May, together with two periods (January and Summer) in 
which the ground tissue is more acid than usual while the epi¬ 
dermis is less acid than usual. Primula vulgaris, leaf has most 
tissues less acid with a marked period of greater dcidity (Jan.— 
Febr.) and some lower pH values in July—^August. The phloem 
here shows a clear winter period (Nov.—Feby.) of higher acidity 
which extends in the middle and for basal parts of the leaf over 
the whole year except May and September. 

Aucuba japonica has a leaf of higher pH with a lower pH in 
December and June. Ligustrum vulgare has a more acid leaf 
with a clear summer period of lesser acidity and except in the 
spongy mesophyll, a clear winter period of higher acidity. Rhodo¬ 
dendron ponticum has a leaf of high acidity with short winter and 
summer periods of lesser acidity in the upper epidermis. Veronica 
hybrid has a leaf with a clear winter period (Nov.—Mar.) of general 
higher acidity. Viburnum tinus leaf shows a spring (Mar.—May 
period of increased acidity in the phloem and also short autumn 
and spring periods of decreased acidity in the mesophyll. 

The winter period (Nov,—^Mar.) is thus a period of higher 
acidity in leaves and the changes to lower acidity occur at various 
times from April to October. The chief exception to this general 
rule occurs in the very acid upper epidermis of Rhododendron 
leaf which is less acid in November—^December. 

Comparing this with what haj)penB in the stems investigat^Hl 
w<^ find that there the only tissue internal to the siib-e])i<lermis 
which sliows a lesser acidity in winter is the ])ith (»f Ijigitslrmn 
stem; and wo find that for stems the ephlermis {Senecio, Aacuba)^ 
and sometimes the sub-epidermis (Lmniwm), and the hairs 
{Oerastiurrij Cheiranthua shade, Vibumhum) are tlic tissues which, 
like the Rhododendron leaf upper ej>idermis, are loss acid in 
winter. 

The occasional absence of critical differentiation between 
one tissue and another in these R.I.M. investigations of stems 
and leaves has already been noted (p. 69). The xise of indicator 
solutions containing more than 10 % alcohol may have resulted 
ill a mixing of saps from the killed cells, but the considerable 

12’*‘ 
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Table 
Svmmary of 


Plant 

Tissues 

Sopt. 

Oct. 

Nov. 

Doc, 

Bianihns 

Most 




■ 1 ( 1 ) 


Mesophyll 





Saxifraga 

B. Sheath 

h. Epid. & G. Oulla 





TAmnanthes 

Leaflet Boses 

Most 

Epidermis 

Petioles 

Most 



-i- 



Epidermis 

Cortex 

Ground Tissue 

+ 


+ 

H- 

Primula 

Fibres 

Phloem 

Most 

— 

+ (ML) 

4- 

-l- 

Aucuha 

Most 





lAgustnmi 

Most 

Except tS. Paren 


-h 

1 - 

■( 

Rhododendron 

Most 

Upper Epid. 

Phloem & Fibres 



- (U) 


Veroniea 

1 Most 


— 

- 1 - 

1 

Viburnum 

Phloem 

Palis. Paron. 


— ( 1 ) 




Spongy Paren. 

-(2) 

— 


- (U) 


Notes: + = more acid; — = less acid. (1) (2) “ oiio, two knavoM only. 


differentiation obtained in Primulas Viburiium leaf, and otliers 
indicates that this factor was not important with all materials; 
a conclusion which is supported by Ingold’h work on Pelargonium 
(p, 56). Further the chief cases of uniformity occxirrod in organs 
which were, like Pelargonium stem, of the ‘*acid typo”. The 
possible mixing of saps is, therefore, to be regarded as a facjtor 
of possible importance in detailed differentiation, such as that 
of guard cells and lower epidermis, but as of minor importance 
when general seasonal variations are being considered. 
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XXI 


leaf Changes 


Jan. 

Feb. 

Mar. 

Apr. 

May 

June 

July 

Aug. 

+ (L) 
+ (L) 

+ (ML) 



— (ML) 



- 





+ 







+ 




+ (1) 


+ 

+ 

+ (i) 

+ 



+ (1) 





+ 


1 

+ (1) 





(cells) 




+ (2) 




+ 

1 + 

+ (1) 


+ 

+ 

+ (ML) 

+ (L) 

— 

+ (ML) 

+ (ML) 

+ (ML) 







H- (ML) 

+ (1) 






+ (2) 








— 

— (2) 

— 

+ (2) 

+ 





+ (L) 







— 

— (IT) 


+ 


+ (2) 


— (2) 






-1- 

+ 

+ (1) 







-(2) 








— 






(IT) (M) (Ij) npKuiU middle, hnsal part of l<»af. 


CJonHi(ioriiig the different weaHonal e.liangeK found in tln’i 
various tisHucs, the lack of agreement between these results and 
the autumn period of decreased pH found by Abbott in the juice 
of apple and peach tips is not surprising. It is also possible that 
tissue investigations of the apple and peach material might 
confirm Abbott’s data for the mixed juices. 

With all the possible variables it is easy to theorise; there 
may be fluctuations in 1. an acid-producing metabolism, or 2. an 
acid-using metabolism, or 3. a buffer-producing or buffer-using 
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metabolism. As a speculation it might be suggested that the 
winter decreases of acidity in external cells take place in cells 
with an acid-producing metabolism which is governed by tcmx)ora- 
ture and/or light conditions; while the summer periods of lesser 
acidity for inner tissues take place in cells where the increasc<i 
efficiency of metabolism results in the utilisation of acsids 
and/or an increase of the buffer index of the sap in the region of 
the natural pH. 



CHAPTER XII 


THE SUNFLOWER- (HELTANTHUS ANNULS) 
TISSUE REACTIONS AND BUFFER SYSTEM 

As one example of a particular species investigated, from the 
present point of view, in some detail we take the Sunflower 
{Helianthus annuus). This investigation was carried out, as part 
of our survey, by Miss S. H. Martin who published the results 
in three papers contributed during the years 1926—1927 to 
Proto'plasma Vols. I and III. 

1. THE TISSUE REACTIONS OF SUNFLOWER 

These arc given below as reported upon by Miss Martin 
with some small emendations and eliminations. 

METHODS OF RESEARCH 

Sunflower {Helianthus annuus) was studied in detail at all stages (as 
far as possible) in the life history of the plant from tht'. seed to the mature 
flowering plant. The reactions throughout were obtained by noting the 
behaviour of the various tissues, towards certain indicators, as shown by 
se(‘tions. 

The ,,rang(^ indiciitor nudhocT* as (ieseribed by Troh'ssor Smm.l 
( 192b) was used. The setd-ions were washed in neutral w<iter before' being 
pi aced in indicator solution. In most eases tlie staining was allowed to 
proceed overnight but, lest this should make a difference, sections in stain 
for a short time (usually about one hour) were compared with those J<'ft 
overnight. The latter sections were more deeply stained hut gave exactly 
the same quality of colour, provided suitable precautions were taken to 
prevent any access of acid or alkali to the indicator solutions while staining 
was proceeding. 

Neutral water was obtained by mixing the required amount of tap 
water whi(‘h gave an alkaline reaction i. c. pH )> 7 0 with disulled water 
which was acid in reaction i, e. pH <( 7*0, 



184 


CHAPTER XII 


The indicator used for this purpose was P. R. Plienol Hiilplioiiphthak'in 
which indicates, i. e. gives marked colour changes, botw(»c^ii pH (i-0 yellow 
and pH 8 red. 

As the point of neutrality is that of least colour in the solution, l>y 
adding tap water to the more acid distilled water till the solution of indi¬ 
cator and water booomoB practically c^olourlcss the neutral point, pH 7 
— not appreciably more or less, is obitiinod. 

After staining, the sections were again w^ishcul in neutral wa.t.<‘r an<l 
examined in daylight with the low power of the mieroHc.op<^ 

With few exceptions all the rcjiotions of the tissues c^aikK^ within l.lu'i 
useful range of five indicators. These were BPB, BAN, MR, DKIi atid 
BCP. 

Where those indicators did not cover the range, as in the <?ase of sonu^ 
of the epidermal hairs and the callus on the sieve plaitis in tht‘ plilocun, 
other suitable indicators were used. 

Alcoholic solutions of the dyes as prepared by the British Drug House 
were used. 

Fruits were soaked in neutral water and their rcac^.tions siudic'd. 
Some seeds were germinated on blotting paper while others wore gc‘rTiiinal.<Ml 
in soil- Some difficulty arose in obtaining suitable stages of sciidlingH. At 
first these were compared at different ages but as the plants gniw so slowly 
and the rate of growth was so irregular, due to weather conditions &c., 
it was found necessary to take stages of development as c*.onvcnitMit. 
points from which results could bo recorded and the differ<‘nl. parts of 
young growing plants could bo compared. For example ]>lani.s with oiu’* 
pair of leaves were compared with those having two pairs, and so on t-o 
maturity. 

At all stages sootioiis were examine<l at various levels h\w\\ as siciii 
close to soil level, stem high xip (i. c. close to the apex) aiul at iMi<‘rni(‘diat(‘ 
levels, petiole of leaf near the stem, close to lamina, leaf at tip and at l>as<* 
and so on with all parts of the plant. At least three plants at ca<*]i slagc* 
were examined, and in every case a control xinstaiiied section, was compared 
with the stained one so as to avoid any oonfusiori of natural eoloiinition, 
such as that due to chlorophyll etc., with indicator effect. 

Tn cotyledons and leaves it was sometimcH <lifficult to ()bHC‘rv(* the 
reaction of the cell-contents owing to the dense green colour of lh<‘ chloro- 
plasts. 

An attempt was madx^ to study the reaettions of the guard of i)u^ 
stomata, but as these cells had rather dense (ionteiits and also contaiiuHl 
chloroplasts all records of such reactions must bo doubtful. So far as could 
be observed the acidity of those guard cells did not differ from that of the 
neighbouring epidermal cells. 

The R. I. M. has the advantage of facility in working, and by the us(^ 
of several indicators with overlapping pH ranges gives accurate results 
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with a better view of the reactions of the separate tissues than any deter¬ 
minations of the hydrion concentration of expressed sap. 

An objection to the washing of tissues in water might be raised as this 
might dilute the cell sap thus altering its reaction; but it has been found 
that expressed sap may be diluted to twice its volume without any marked 
change in reaction, and further the reaction of the cell contents is in most 
coses determined in unbroken cells, therefore the effect of such washing 
will be negligible. 

Injury effects are possible but so far no method has been devised by 
which the actual acidity of plant cells in the living plant may be measured. 
This acidity of the normal plant may vary considerably from that of the 
plant injured by cutting, but control of the injury factor is as yet impossible 
(see p. 266). 

Purple stemmed seedlings wore compared with the ordinary groen 
stemmed variety used throughout this work but no differences were detected. 
The purple colour of the epidermal cell contents obscured the reaction of 
these. 


RESXJLTS 

In the Tables given below the symbols for the pH ranges, as 
explained on j). 49, are used. (Commonly occurring ranges arc 
5-9—5-6 = b, 6-6 = c, 5-6—4-8 = d, 5-2^-8 = c, 5-2—4-4 = f, 
4-4—4*0 = h, 4*0 — i, < 3*4 = k. Symbols in brackets indicate 
ranges which were seldom observed and which are not considered 
to be the normal reactions. 


Tissue lieactions of Hclianthns aniivus 
by S. H. Maktin 

Tabk‘ I (Seed) 


Seed 

"1 

s 

Mesophyll of 
Cotyledons 

Epidermis 

Sub.-Epid. 

Vascular 

Strands 



Plerome 

Procamb. 

Strands 

Liner 

Periblem > 

Outer 2—3 
Layers 
Periblem 

^ Dermatogen ■ 

(lotyledons 




Root 



1. ITugorm. . . . 

c 


h 

h 


h 

h 

' 

c 

h 

e 

ll 

h 

2. (ierm. in soil . 

c 


h 

h 

h 

h 

h 

o 

h 

e 

h 

h 

3- Cilerm. on B. P. 

c 

e 

h 

h 

h 

h 

h 

c 

h 

c 

h 

h 
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CHAPTER XU 


Table II (Cotyledons) 



A 

B 

c 

D 

E 

n 

o 

H 

Stages 

Seed 

Seed 

CJots. 

PtPol. 

2nd 



fith 


Ungerm. 

Germ. 

Expd. 

Loaf. 

Pol. 


on 

Pol. 

Epidermis . . . 

h 

h 

h 

h 

h{k) 

h 

h 

h 

Sub-Epidermis . 

he 

h 

ob 

0 

hb 

0 

e 

0 

Palisade . , , . 

0 

0 

eb 

0 

eb 

0 

e 

0 

Spongy Mesophyll 

e 

0 

eb 

0 

eb 

0 

e 

0 


nnlif 

fn, 







Xylem .... 

e 

e 

h 

h 

h 

h 

h 

h 

Phloem .... 

e 

0 

0 

0 

0 

e 

0 

0 


Table III (Petiole of Cotyledon) 


Stages 
as before 

g 

B 

B 

D 

E 

B 

(} 

H 

U. Epidermis. 

1 

— 

h 

h 

h 

h 

h 

h 

Sub-Epidermis 

— 

— 

h 

h 

h 

h 

h 

h 

Cortex . « . 

— 

— 

6 

b 

ob 

ob 

b 

1> 

Phloem . . . 

— 

— 

e 

0 

eb 

0 

0 

e 

Xylem . . . 

— 


h 

h 

h 

h 

h 

li 

L. Epidermis 

— 


h 

ho 

ho 

0 

ho 

0 


Table IV (Stem-upper) 


Stages 

Epidermis 

Epidermal 

Hairs 

it 

s 

Outer Cortex 
(collenchyma) 

Inner Cortex 

j 

1 

Af 

1 

PericTclic 

Fibres 

Phloem 

Cambium 

a 

Oj 

M 

Pith 



and 











I Cots. Expd. 

h 

e(10—9) 

ho 

b 

b 

b(c) 

b(o) 

— 

bo 


h 

b 

IIl»*Pol. 

he 

e(10—9) 

eb 

eb 

be 

be 

be 

— - 

0 

bo 

h 

bo 

in 2nd. 

he 

e(10—9) 

e 

e 

be 

be 

bo 

— 

0 

0 

h 

1)0 

IV3«i. 

he 

e(10—9) 

h 

b 

b 

b 

b 

— 

eb 

bo 

h 

b 

V4th . . 

h 

e(10—9) 

e 

6 

b 

b 

b 


e 

0 

h 

b 

VI 6th . 

h 

e(10—9) 

6 

6 

e 

e 

0 

— 

0 

0 

b 

o 

vueth „ .... 

h 

0(10—9) 

ba 

ba 

ba 

ba 

ba 


ba 

ba 

h 

ba 

VinPlmg. Indoor . 

he 

e(10—9) 

e 

b 

b 

b 

b 

_ 

bo 

be 

h 

b 

IX Flmg. Outdoor 

h 

e(10—9) 

e 

be 

bo 

bo 

1 be 

— 

bo 

be 

h 

bo 
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Table V (Stem—middle) 


Stages 

Epidennis | 

Epidermal 

Hairs 

1 

11 

|| 

Inner Cortez | 

1 

•m 

Pericjcle | 

S 

ti 

1 

s 

Cambium | 

Xylem | 




and 











I Cots. Expd. - 

h 

e(10—9) 

h 

be 

b 

b 

b 

— 

e 

e 

h 

b 

IIl^tFoI. . . . . 

h 

e(10—9) 

6 

e 

b 

b 

b 

— 

e 

e 

h 

b 

Ill and „ .... 

h(e) 

e(10—9) 

e 

be 

b 

b 

b 

— 

e 

e 

h 

b 

IV3«i.. 

h 

e (10—9) 

he 

be 

b 

b 

b 

h 

e 

e 

h 

b 

V4th.■. 

h 

6(10—9) 

e 

b 

b 

b 

b 

h 

e 

e 

h 

b 

vr6‘h „ .... 

h 

6(10—9) 

e 

b 

b 

b 

b 

h 

b 

b 

h 

b 

VII 6‘h. 

h' 

e (10—9) 

ea 

a 

a 

a 

a 

h 

ba 

ba 

h 

b 

VHI Flmg. Indoor . 

ID 

e(10—9) 

eb 

b 

b 

b 

b 

hk 

be 

be 

h 

b 

IXElmg. Outdoor 

h 

0(10—9) 

h 

b 

b 

b 

b 

k 

b 

b 

h 

b 


Sieve plates 6*2—6’9 or 6'2 ca. 


Table VI (Stem—^just above soil) 


Stages 

Epidermis | 

1 

Sub>Epidermis 1 

Outer Cortex | 

(collenchyma) 1 

& 

1 

Endodermis ; 

■ 

42 

8 

Pm 

.a 

“J 

Ik 

P4 

1 

S 

n 

o 

IS 

a 

a 

O 

a 

<D 

k* 

M 

K 

1 Cots. Expd. 

h 


ho 

b 

b 

b 

b 


bo 


h 

b 

11 l«t Fol. 

h 

— 

ho 

bo 

b 

h (e) 

b(0) 

— 

o 

0. 

h 

b 

1112 nd. 

h 

— 

he 

bo 

b 

b 

b 

— 

o 

0 

h 

b 

1V3«1 „ .... 

h 

— 

he 

0 

bo 

b(6) 

b(e) 

h 

be 

bo 

h 

b 

V4t»‘ . 

h 

— 

ho 

e 

b 

b 

h 

h 

c 

c 

h 

b 

VIStb . 

h 

— 

he 

e 

b 

b 

b 

h 

e 

e 

h 

b 

VllOt** . 

h 

— 

h 

a 

a 

a 

a 

h 

b 

b 

h 

a 

VIII Flmg. Indoor . 

h 

— 

e 

be 

b : 

b(0) 

b 

k 

bo 

bo 


b 

IX Flrng. Outdoor 

h 

— 

h 1 

b 

b 

b(c) 

b(c) 

k 

c 

c 

h ! 

b 
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CHAPTER XII 


Table VII (Stem—just below soil) 






























THE SUNFLOWER. (HELIANTHUS ANNUUS) 


189 


Table IX (Root—^xoiddle high up) 


Stages 

Piliferous I 

Layer | 

Exodermis | 

1 

Eadodennis 

Pericyde | 

ti 

'gs 

1 

Cambium | 

Xylem | 

Xylem Fibres | 

i 

I Cot^. !Expd. 

h 

h 

e 

he(k) 

e 

— 

e 

e 

h 

— 

e 

IT l»tFol. . . . 

h(k) 

he 

e 

he(k) 

e(k) 

— 

e(b) 

e 

h 

— 

e 

Iir 2 «'i. 

hk 

he 

e 

he(k) 

e(k) 

— 

e 

e 

h 

— 

e(b) 

IV . 

k 

h 

e 

h 

he 

— 

e 

e 

h 

— 

e 

V 4‘h. 

k 

h 

e 

h 

he 

— 

e 

e 

h 

— 

e 

VI r,ti». 

k 

h 

e 

k 

h 

— 

e 

e 

h 

— 

e 

VIE 6th. 

k 

h 

b 

h 

e 

— 

o 

e 

h 

— 

b 

VIII Plrna. Indoor. 

h 

e 

e 

h 

he 

— 

eb 

e 

h 

— 

e 

IX Pimp. Outdoor 

— 

e 

ek 

h 

h 

— 

e 

e 

h 

— 

e 


Sieve plates tt-2—5‘9 or 6’2 ca. 


Table X (Root—^near tip) 



S s 

QQ 

g 

O; 

1 

Qj 

& i 

a 

0/ 

a 

.3 

a 

1 

.£3 

Stage‘rt 

Oh 

A 

w 

W 

1 

1 

O 

I 

P-1 

t'J 

•gE 

JO 

s 

a 

as 

o 


1 

H 





W 






X 


- - - 





- 



_ - - 


-- 

- - 

1 Kxpd. . 

h 

he 

o 

h 

h<* 

- 



h 

-- 


11 l«t Kol. . . . 

k 

0 

o 



— 

o 

e 

h 

~ 

— 

Til 2»<1. 

hk 

e 

o 

h 

lie 

— 

o 

n 

h 


— 

IV :ird . 

k 

he 




— 

e 

H 

li 

— 

— 

V 4th . 

k 

o 

e 

h 

ho 

— 

e 

H 

h 

— 

— 

VI r>th. 

k 

e 

0 

h 

h 

— 

o 

H 

h 

— 

— 

VI 1 6th. 

k 

b 

b 

h 

o 

— 

o 

H 

h 

— 

— 

VIII Plrnp. Indoor . 

h 

be 

be 

h 

0 

— 

o 

e 

h 

— 

— 

IX Pimp. Outdoor 

k 

bo 

e 


h 

— 

e 

e 

li 


— 
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CHAPTER XI t 


Table XI (Loaf) 


Stages 

Upper 

epidennis • 

^ 1 

^ 9 

PL, 

ll* 

& 

FMoem 

1 

M 

__ 

l| 

Hails 

epidermal 








and 

I Cotd. Expd. . 

h 

6 

0 

e 

h 

h 

0(10 9) 

II 1st j-ol. . . . 

h 

6 

e 


h 

h 

0(10-9) 

Ill 2»<i. 

h 

ob 

h 


h 

h 

0(10--9) 

TV3»d. 

h 

eb 

eb 


h 

o 

o(10 - 9) 

V4th. 

h(e) 

e 

e 

0 

h 

h 

1 

o(10--.9) 

VI 6tt „ ... 

e 

e 

G 

e 

h 

<•> 

c(10- «) 

Vn 6th „ ... 

h 

0 

a 

a 

h 

a 

G (10 - 0) 

VIII Pli^gn. Indoor. 

h 

b 

b 

b 

h 

b 

0(10- 9) 

IX Plmg. Outdoor 

h 

b 

b 

b 

h 

b 

0(10-9) 


Sieve plates 6-2—6'9 or 6-2 ca. 


Table XII (Petiole of Leaf) 


Stages 

Upper 

epidermis 

1 

Cortex 

Phloem 

e 

V. 

w 

Lomre 

epidermis 

Hairs 

1 Cots. !Bxpd. . 

_ 

_ 

, -- 



- 


II 1st Fol. . . . 

— 

— 

— 

— 

_ 

— 

and 

Ill 2nd . 

h(b) 

eb 

b 

eh 

h 

h(b) 

e (10- - 9) 

IV 3rd. 

h 

e 

e 

e 

h 

h 

e(l0-9) 

V4th. 

h 

h 

b 

c 

h 

ho 

o (10—9) 

VI 6th. 

h 

e 

b 

e 

h 

ho 

e (10—9) 

vn 6th „ ... 

h 

a 

a 

a 

h 

h(b) 

o (10—9) 

Vm Flmg. Indoor. 

h 

e 

b 

e 

h 

h 

e (10—9) 

IX Flmg. Outdoor 

h 

h 

b 

e 

h 

h 

o (10-~“0) 


Sieve plates 6-2—6'9 ot 6*2 oa. 
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Table XIII (Mower beads.) At all stages exaxained 


Gynoeoium 



Androecium 

Ovary Wall 




Pericarp . . • . 

e 



VBS. in Pericarp . 

h 



Ovule. 

6 



Style (Young) . . 

e 

e 

Stamens (Young) 

„ (Mature) . . 

h or k 

b 

Anthers (Mature) 

Meristem 




at Top of Ovary, . 

h-k 


Filaments 



^E] 

Pollen-Grains 


Corolla 


Receptacular Scales 


Epidermis. 

hk 

VBS. Xylem. 

h 

Inner Tissue. . . • 

6 

Phloem. 

e 



Ground Tissue. 

ek 

Top of Receptacle . . 

. . e and k (patches) 


RsiSe 

• • 

. . ee 



Involucral Bracts 


Epidermis (Upper).h 

Palisade parenchyma.he 

Spongy „ .e 

Xylem.h 

J*hloem.e 

Epid<‘rmis ( Ijowor). he 

Hairs. eh 


DISCUSSION OF RESULTS 

The results tabulated above show how by means of suitable 
indicators it is possible to map out the tlistribution of relatively 
acid, and relatively alkaline tissues in sections of the various 
regions of any plant. For example, we find in a transverse section 
of sunflower stem that the contents of the epidermal cells, the 
walls of the perioyclio fibres, ai^d the walls of the xylem vessels 
and fibres are more acid than the other tissues of the stem. 
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CHAPTER XII 


TISSUES 

Upidermis and epidermal hairs. If soctionu of iingonninatod 
seeds are taken it is found that tho epidermis is relatively aeid from 
the first. The dermatogen of tho ra<liclo gives the rea($tion i)H 
4-4—4‘0. The epidermis of tho cotyledon agrees with this; an<l this 
acid epidermis persists right up throxigh the various Kee<lling 
stages to the mature jdant where it is found in stcun and hiuf 
and even in tho corolla of tho young flower. 

In a few cases, especially in the hypt>eotyl helow soil of the 
mature plant the epidermis has an acidity as high as |>H 3*4. 

In some oases whore this abnormally high acidity of the (tpiditrmis 
occurs we find some cells of the cortex which appttar to 1 k^ injured 
and which also show the very acid reaction of (.he uninjured 
epidermis. 

The epidermal hairs do not correspond in tuudity wit.h the 
cells of the epidermis itself but show interesting difforenc(‘S, all 
the hairs being more alkaline and some being the most, alkaline 
part of the plant. The hairs on loaf and sttun vary from pH 
4*8—5*2 to a pH > 9 being alkaline to B. P. B., B. H., I*. 11. 
N, R., 0. R. and T, B., and acid to PhonolphthaU'in. Tins type 
of hair one cell thick from the base upwards was more aui<l, (b<*ing 
at pH 4*8—6*2) than tho hair with the multicellular base whitili 
gave a deep blue ooloiur with T.B. and was colourless with IMienolph- 
thalein, indicating a pH > 9 ami < 10. The multicellular Isise of 
the hair was less alkaline than tho tip in soitie cas(*.s. Thest‘ n\or«‘ 
alkaline epidermal hairs wore tho only cells which showt'd a 
reaction on the alkaline side of neutrality. 

Piliferous layer. Tho piliferous layer and l.he r'oot hairs wc'ni 
acid at all stages. Tho reaction given by this lay<*r was pH 
4*4—4*0 sometimes pH <C 3*4, and as in the case of tho <ipi<l(*rmis 
of the hypocotyl underground tho higher aci<lity i. e. pH - 3*4 

may have been due to injury of tho colls. 

Exodermis. In young seedlings before tho first foliage leav<‘s 
were expanded the exodermis was more aci<l than the cortii*x 
and corresponded in acidity with the piliferous layer, i. o. pH 
4*4—4*0. In older seedlings tho reaction of tho oxoclermis was tho 
same as that of the cortex i. e. pH 5*2— 4 *8. Where crushed cells 
or cells injured in some way were found in tho oxoclermis these 
gave the higher reaction i. e. pH 4*4—4*0, and sometimes p H C 3*4. 
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Cortex, The records of results given for the outer cortex in 
the stem regions are rather conflicting. In some cases the outer 
cortex gives an acidity as high as or almost as high as that of the 
epidermis; in other oases this is not so and the pH of the outer 
cortical cells corresponds to the pH value of the inner cortex. 
This confusion may be due to the rather dense contents of the 
coUenchymatous cells and possibly also to the reaction of the 
walls. The reaction of the walls of ordinary thin walled paren¬ 
chymatous cells was not studied as cellulose seems to take up the 
indicators used so very slightly that no positive results could be 
recorded. In the case of collenchyma also the colours were very 
faint but the reaction of the walls seeme<l to be as follows; — Blue 
with B. P. B., Pink (pale rod) with B. A. N., Pink with M. R., 
Pink with D. E. R and Yellow with B. C. P. indicating a pH of 
4*4—4-0, but the staining was so very slight that records must 
remain doubtful. 

The inner cortical cells of the stem vary from pH fi‘9—6*0 
to pH 5*9 ca. the reaction with few exceptions being the former. 
In a very few cases the inner cortical cells were as acid as idH 
5*2—4*8.' 

In the regions of the stem close to soil level above ground 
and just below soil level the variations found in each are such 
as would be expected, because the portions just below ground 
from which sections were taken may not have been equally 
,earthed’ and the CO 2 consequently may not have accumulated 
to the same extent, and the regions just below soil level in scjme 
cases may have been under comlitions similar to tho.se ]>arts just 
al)<)ve soil level, so that the oeeurrenc^e of the same reactions in 
th(‘ cortu*al ])arenehyma of each, in st)ine cases at least, may bc‘ 
due to th(‘ t‘ffc‘ct of the acicuinulation of the (^>0 rouml thes(‘ parts. 

The usual reaction given by tlu‘ liypocotyl a short distance* 

above soil level was ])H 6-9—6“t) with pH 5*2-t*S as tlie except ion 

while just below soil the reaction ])H 5*2—4*8 occurred most 
frequently and pH 5*9—5*5 was the exception. 

The cortical cells of the root and of the hypocotyl below* soil 
are on the whole slightly more acid than those of aerial i)arts of 
the j)lant. Tliis difference is due, no doubt, to tlie penetration 
into the cells of soil CO 2 or to the non-escape of the dOg of res])i- 
ration, or both factors may operate (cj). Ci*E 3 Ri(»ii-BLT..i 1920 and 
MA(iNT5SS 1920). 

ProtoplaBma-Monographien II: Small 


13 
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CHAPTER XII 


In tills respeot it is interesting to compare seedlings brought on 
entirely in the dark in a closed cupboard and young sunflower 
plants kept in the dark for a week or so only, with normal i. e. 
non-etiolated seedlings. 

The parenchymatous cells of the former wore slightly more 
acid than those of the latter, thus agreeing more nearly with the 
corresponding tissues in roots and underground parts. 

It was some time before the differences were detected as thin 
sections of each gave practically no colouration with M. R. and 
it was only on taking quite thick sections that a pink colour 
was seen in the cortex and pith of the hypoootyl of etiolated 
seedlings (a pink colour denotes an acid reaction towards M. R.). 

The reaction given by the cortical cells in the roots and 
underground hypocotyl regions was pH 6’2—with a pH of 
6-9—6*6 in one plant only. 

Endodermis. In some roots and sometimes in the hypocotyl 
underground an acidity as high as pH < 3'4 was found but usually 
the endodermis gave the reaction pH 4*4—4*0, sometimes as low 
as pH 6-2—4*8 which was the usual figure for the cortex and pith 
in subterranean parts. 

This difference in acidity of a tissue below ground as com])arod 
with that of the same tissue found in aerial parts of the j>Iant was 
most marked in the case of the endodermis and the 7 )itli, l>ut 
occurred also in other tissues (see Tables VI—VII). 

The endodermis of the aerial parts of the plant, in all easels 
examined, showed no difference in acidity from that of tlus 
neighbouring cortical cells, and varied from pH 5*9—6-6 to i)H 
6*9 oa. and was seldom at pH 5'2—4-8. Where the cortical cells 
were at pH 5*2—4*8 the endodermis also gave this reaction. 

Pericycle. As in the case of the endodermis the acidity of 
the parench 3 rmatous cells of the pericyclo in undcrgT‘ound parts 
was sometimes as high as pH < 3*4, but more often the rcacstioii 
was pH 6*2—4*8 thus corresponding in acidity witli the ])aronc‘.hy- 
matouB cells of the cortex and pith in underground regions. 

pH 4*4—4*0 was also found in a number of cases in the root 
and hypocotyl below soil. 

Above ground the reaction of the pericyclo was the same as that 
of the cortex and pith i.e. pH 6*9—5*0 or in some cases pH 5*9 ea. 
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The walls of the pericyolio fibres varied from pH 4-4—4*0 
to an acidity as great as or more than pH 3*4, this being the limit 
on the acid side of the range of indicators in use. 

If sections of the stem of mature sunflower are taken at 
different levels from the stem apes: it will be seen that the region 
of the pericyolic fibres as yet unlignified is less acid (being blue 
with B. P. B.) than the corresponding region a short distance 
down the stem where the pericyclic fibres now slightly lignified 
show a green colour with B. P. B. Still further down where ligni- 
fication is complete a yellow colour is produced with this indicator 
showing that the fully lignified pericyclic fibre is one of the most, 
if not the most, acid element of the mature Sunflower stem. 

Phloem. In most cases in all parts of the plant the phloem 
elements were found to be at pH 5*2—4*8 possibly slightly more 
alkaline in a few cases. 

The phloem is sometimes much more alkaline than the xylem 
having occasionally an acidity as low as pH 6*9 ca. and, where 
callus is developed, the sieve plate gives a reaction as low as 
pH> 6*2 being alkaline to B. C. P. i. e. giving a blue colour with 
this indicator. With B. T. B., however, no trace of blue was 
observed so that the callus is acid to B. T. B. The hydrion con¬ 
centration therefore lies between pH 6*2—5*9, or possibly pH 6*2 ca. 

The contents of the sieve-tubes, companion cells and phloem 
parenchyma gave the same reaction, i. e. pH 6*2—4*8 usually. 

In mature sunflower grown out of doors the phloem sometimes 
gives a reaction as low as pH 5*9 ca. Where callus was developed, 
using the indicator B. O. P. the sieve j)lates showed u]> very 
clearly as deep blu<‘ jdates against the decided yellow of tlie 
sieve-tube contents. As in the case of lignifhiation, though in th(‘ 
opposite direction, tlie chemical nature of callus may be respon¬ 
sible for the more alkaline reaction. A])art from the callus, in 
sunflower the phloem is usually slightly more acid than tlie cells 
of the cortex and x^ith. No differences were traced between the 
acidity of the phloem in parts above and below soil level though 
other regions of the stem e. g. cortex, pith, endodermis and 
j)cricy<de were more acid below ground than above. 

Cambium. Actively dividing fascicular and interfascicular 
i*ainbial cells gave the ordinary reaction of tlic neighbouring 

13* 



196 


OHArTER XT! 


cortical cells though the staining was rather more intonso owing 
to the denser contents of the cells. Here the inicloi were <leoply 
stained biit the colour was of the same kind. 

In the mature sunflower phellogon was found in tlio outer 
cortex of the stem. The reactions given hy these cells showed 
that the outer cells cut off hy the phellogen colls wore more alkaline 
than the inner cells i. o. the phellogen cells; the reactions given 
by these were pH 5*2—for the outer cells as compared with 
pH 4-4—4-0 for the inner cells. With B. A. N. these outer cells 
were a clear orange (pink with M. R.), while shrivolk'd up th^nd 
cells on the outside were quite purple red. 

It would have been interesting to study corky tissue in fully 
suberised cells or during the process of suberisation in sunflower, 
but these were not available. 

Elder cork was examined. Hero the cambium wixs at pH 
6’2—4‘8 while the suberised tissue gave a reaction of pH \ 3'4. 
According to PxARSALr. and Pbibstley (1923) this higher acidity 
is due to the liberation of fatty acids during suberisation. 

Xylem. The xylem elements vary from pH 4*4—4"() to an 
acidity as great as or more than pH 3'4. This relatively higli 
acidity is especially marked in the xylem fibres; the vesseds do 
not seem to bo so acid but vary from blue to green witli B. P. B., 
reddish orange to red with B. A. N., rod with M. R. an<l I). E. It. 
and yellow with B.C.P. giving a i)H of 4*4—4‘0 as compared 
with the pH < 3'4 of fully lignified fibres. As in tlie cas<* of th(‘ 
pericyclic fibres, by studying the reactions of the xylem elenumts 
at different distances from the stem apex the change in reaci ion 
during lignification may be observed. 

This relatively high acidity of the mature xylem fibre, and 
of the mature pericyclic fibre, is duo no doubt to the chcinitial 
change which takes place during the process of lignificai ioii, tluj 
impregnation with lignin of the original collulosic walls (‘aiising 
these walls to give a more acid reaction. 

Medullary rays. The parenchymatous cells of tlu< nu'dullary 
rays were at pH 4*4' — 4*0 sometimes and occasionally as r<‘lal'ivcly 
alkaline as pH6‘2—4*8 in uiiderground parts, wh(*re th(\v corre¬ 
sponded in acidity with the pitli and cortex, ami ])H 5*9—.5-6 
in aerial parts. In undergromul parts of the mature sunflower 
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especially in the region of the phloem the medullary rays were 
decidedly more acid being as high as pH < 3'4. In these cases 
browning of the tissues was observed; the parenchymatous cells 
of the cortex also gave a very high relative acidity and showed 
browning on being exposed to air. 

Pith. The central pith cells gave the same reactions as the 
cortical parenchyma, the usual reaction being pH 5*9—5-6 for 
aerial parts and pH 6*2—4*8 for subterranean parts. 

The parenchymatous cells adjoining the xylem sometimes 
were more acid and gave a pH of 4*4—4*0. 

COTYLEDONS AND FOLIAGE LEAVES 

No differences in the reactions of leaves from various levels 
on the plant were detected. 

It was found very difficult to study the actual pH of the 
assimilating tissue owing to the dense green colouration of the 
mesophyll but the conclusion arrived at was that in most cases 
the mesophyll gave the reaction pH 5*2—4*8 and that it was 
sometimes more alkaline i. c. pH 6*9—5*6. 

Gustafson (1924) found that the younger leaves of another 
sunflower {H. multiflorua) were more acid than the lower leaves. 

The parenchymatous cells of the mid-rib of the leaf and also 
the xylem and phloem gave reactions similar to tlioso of the 
corresi)onding tissues in the stem. 

The tissues of the petioles of the cotyledons and leaves also 
agreed in acidity with the reactions of the same tissues of thc^ stem. 

FLOWER BULK AND FRIMORDIA 

It was interesting to find t hat <‘ven the very young devtdoping 
flower buds arising as little protuberanees on the top of tlu' 
receptacle were much mores alkaline than the more aeid (ndls of 
the rocej)tacle, being a deej) blue with B. P. B. and yellow vvitli 
B. A. N. indicating pH )> 4*8 as compared with pH \ 3*4 for tlu* 
more acid cells of the receptacle. The upper region of the reeoj)iaoic'- 
with B. P. JB. gave bright patches of yellow cells. The very a<*id 
patches were ])robably crushed cells where the cc^ntents wcu'e 
ex[)OHcd to oxidation by an oxidase present in the colls. 

The bracts of the flowers were sometimes yellow, sometim(‘s 
blue and sometimes patchy yellow and blue with B. P. B. In 
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older flower buds the meristematic region at tho junction of the 
ovary with the other parts of the flower was also acid. Tho 
corolla when • developing showed an acid epidermis but in tho 
older flower buds reactions were masked by natural colour. Pollen 
grains showed the same acidity, i. e. pH 5*2—4*8, as tho young 
developing flower buds. The styles sis far as could bo mado out 
were more acid giving a deep red with B. A. N. indicating pH 
4-4—4*0 or possibly < 3*4 for the mature style. This reaction 
again was obscured by natural colouration the mature stylo boing 
deep yellow with some yellow and some purple papillae. 

The ovary and the ovule at all stages gave the same reaction 
as all the parts of the yoimg developing flower buds i. o. i)H 
5*2—4*8. In the mature flower the conducting strands in the wall 
of the ovary showed a pH of 4* 4 4 *0. 

As developing flower buds respire more actively than any 
other part of the plant it may be that some at least of tho relatively 
high acidity is due to the COg accumulated in tho unopened buds 
but if this is the case one wonders why the basal region of the 
buds still remains relatively alkaline while arising from a recep¬ 
tacle which is so much more acid. 

Flower buds at all stages (as far as possible) were taken, and 
even in the very youngest where primordia wore just boginixing 
to develop this phenomenon was found. It seems more likely 
that oxidation of the tissues is tho primary cause of tho residts 
observed especially as older ojjened heads and fully dcvelopotl 
flower heads gave the same results and browning of these parts 
was actually observed. 

Compositae are included in a list of Oxidase Families given 
by Onslow (1923) and marked darkening of exposed sap of 
Helianthus muUiflorus on exposure to air is mentioned by Atkin.s 
in Heoent Beseaxches (1916). 

Imxyreaaed acidity and pigmentation due to oxidation of liasnrs 

That a greater acidity duo to the oxidation of tissues <loes 
occur has been recorded by Me Olenoon and Shaef (191{)). These 
workers record a change in expressed sap of carrots from i)H 
5*86 to pH 6*73 on standing for twenty minutes in air. Haas (L020) 
observed a change of reaction from pH 6*12 to pH 5*91 in the 
juice of clover plants left overnight. 



THE SUNFLOWER. (HELIANTHUS ANJNUUS) 


199 


Browning of tissues was observedTn roots and in the under¬ 
ground hypocotyl region of the mature sunflower and in sunWoiver 
head. 

In these regions we should expect to find accumulation of 
certain metabolic products, i. e. sugars, which according to 
Onslow are capable of taking part in the reactions involved in 
pigment formation. Overton (1899) was the first to observe 
that excess sugar might cause the formation of pigments. Ho 
experimented with a number of plants, feeding them with sugar, 
and found that in many species of Monocotyledons and Dicoty¬ 
ledons, both water and land plants, sugar feeding will bring 
about anthocyanin formation. The question of the results of 
sugar feeding has been taken up by other writers, including 
Onslow who assumes that the chromogen is formed from sugars 
in the leaf and that increase in amount of sugar leads to increasecl 
formation of chromogen with the resultant production of antho¬ 
cyanin unless the chromogen be removed. The chromogen flavono 
may be removed under certain circumstances by combination 
with sugar to form a glucoside and water, this reaction involving 
the substitution of sugar molecules for hydroxyl groups of the 
flavone. 

The general reactions given by Onslow (1916) are: 

1. Glucoside + water chromogen + sugar. 

2. X (chromogen) + oxygen ^anthocyanin. 

A glucosidase, i. e, a glucoside—hydrolysing enzyme or 
enzymes, probably catalyses the first reaction and an oxidising 
enzyme controls the second. 

This second reaction may l)e initiatcMl or accelerated by a 
relatively acid medium, such as that observed, or hot}) reactions 
may be affected. On hydrolysis of tlu^ flavones, present as gluco- 
sidcs, with dilute acids the sugar is split off and the colour for¬ 
mation by oxidation may then take ]jlace, so it is ])robablo tliat 
the acid medium may accelerate the rate of pigmentation by 
liberating the chromogen; or the process may be initiated by the 
slight rise of acidity due to oxidation on exposure of injured 
tissues to air, and this process once started may lead to the for¬ 
mation of coloured oxidation products of high relative acidity. 

That the addition of acids and alkalis does alter the activity 
of enzymes is well known. Certain experimenters including 
Euler (1920) have determined the optimum pH for a number 



200 


CHAPTER XII 


of enzymes and EtrLBrn’s data show that this optimum varies 
with the substrate, or it may bo that different enzymes arc in¬ 
volved, e. g. the optimum values for butyraso range from pK 4 
to pH 8, quite a considerable variation duo to the substance 
acted upon or to the different typos of butyraso. An oven greater 
range is given by MoCiiBJNDON (1917) for j>roteaso, which has its 
optima from pH 1 to pH 9*7 according to the substratum (see 
Chapter XVI). 

Atkins, in his Recent Researches in Plant Physiology (1910) 
points out that five different classes of oxidases ore <losorib<Ml jis 
ocourring, according to the substances on which those act. Tim 
optimum pH for each may vary but those do not seem to have 
been determined. 

It is not at all probable that the alcoholasos, found in certain 
b3<cteria which convert ethyl alcohol into acetic acid, should give 
the same optimum pH as the oxidase in potato extract (]91(>) 
which according to Rbeio is at or about pH 7, i. o. neutrality, 
so that we should not expect the oxidase in sunflower to show 
greatest activity at or near neutrality. 

Acid medullary rays in imderground regions of the stem and 
in the root may bo explained by the same hyi)othosis as the 
reaction of the more acid cells in the top of the rocoi)tacle. Tlu» 
medullary rays serve for transference of roserves to and from 
the xylem and jihloem and also play the r61c of storage tissue. 

Here sugars in the presence of oxidases may lead to iiKiroased 
acidity by oxidation, and to increased pigmentation, i. c. the 
brownish colour observed in the relatively acid medium. 

SEEDS AND SEEDLINGS 

As germination proceeded no changes in the reactions of the 
tissues of the embryo were observed. 

The root cap and tip, the dermatogen of tho radicle, the 
outer layers of the periblem and the procambial strands, i-ho 
epidermis and the sub-epidermis of the c-otyUMlons wt‘ro v<*ry 
acid, giving a reaction as high as i)H 4*4—4-(). Th«5 rtunaiiuler 
of tho embryo had an acidity of pH ,5'2—4-S, so that the embryo 
as a whole was decidedly acid. 

The embryos of seeds germinated in soil and on blotting 
paper showed no differences in reaction and tho tissues of tho 
germinated embryo were as acid as those of the ungorminatod 
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embryo; but in the seedling stage before the first foliage leaves 
were expanded a change in reaction from pH 5’2 —4'8 to pH 
5*9—5‘6 in the cortex, endodermis, perioycle and pith above 
ground was observed. The other tissues remained relatively acid. 
The phloem when differentiated gave a pH of 6’2—4*8 which 
was the reaction found, with few exceptions on the more alkaline 
side (i. e. pH 5*9—6*6 and pH 5*9 ca.) at all stages and in all 
parts of the plant. 

This reaction of pH 6*9—6*6 was found in the cortex, endo¬ 
dermis, pericycle and pith above soil of seedlings at all stages 
examined. 

Rose (1919) records that as germination begins the reaction 
of the embryo changes from alkaline to acid but that the endo¬ 
sperm re.mains alkaline, in the case of Hambucua. 

In the sunflower embryo the root cap and tip are relatively 
acid and they show this high acidity throughout the early seedling 
stages. At later stages the tips of the roots were not examined 
because of the difficulty in obtaining sections of these. 

In older seedlings rootlets were observed passing out through 
the cortex. These had very aokl root cax>s, which wore yellow 
with B. I*. B. imlicating a reaction of pH < 3*4; the remainder 
of the rootlet as seen in longitudinal section was deep blue with 
B. P. B. and had a pH of 6*2—4*8. This suggests that the enzyme 
secreted by the cap as it forces its way through the cortex is in 
an acid medium. 

The acidity- of cotyledons still encloBe<l in the fruit coat were 
compared with those expantletl and free but no difference in reac¬ 
tion was observed. Tliis may have been <luo to tlic reaction being 
masked by natural colouration. 

In the very young cotyle<Ion, before the chlorophyll was fully 
developed, thi' mcsophyll gave the reaction pH .5*2—4*H which 
was the figure recoitled in most cases for the mesophyll in the 
mature cotyledon and in leaves at all stages examined, exesept 
the mature (pJH 6*9—6*0). 

GENERAL DISCUSSION OF REACTIONS FOUND 
IN SUNFLOWER 

The reactions given by sunflower are interesting if we comparc 
N 

the fact that a HCl solution is at pH 2, and this is con- 
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si dCTe d a very weak acid solution. Also, according to Atkins, 
a solution of CO 2 in water nearly satiuratod at 26® C3 (and normal 
pressure ?) is at pH 4*8. It has been shown that oven a dilute 
solution of ethyl alcohol has an effect on the output of COg by 
living tissues. Ibwin and Wbinstbin (1922) working with ra<liBh 
seedlings found that this alcohol decreased the production of COg, 
but at the same time organic acids were produced and it is suggested 
that the effect of the alcohol was an acceleration of tho decom¬ 
position of certain substances with tho formation of an excess 
of intermediate products in the form of acids. 

In a recent paper (1924) E. Phiup Smith describes tho effects 
of chloroform, ether and ethyl alcohol on wheat, rice and oats. 
The first effect was a decrease in the rate of respiration followed 
by an increase to a maximum and a final depression. Rav (1923) 
obtained different results with Viva, probably due to tho difforonecs 
in the oxidisable material available in the tissues. Smith also 
points out the possibility that the ethyl alcohol may have an effect 
on the permeability of the plasma membrane to carbon-dioxulo 
so that the total result may be due to the oilSeot of tho alcohol (i) 
acting as an anaesthetic on respiration proper, and (ii) on tho 
permeability of the cell to carbon-dioxide. 

It is possible that the actual reactions within tho cells of 
sunflower may be altered by the alcoholic solutions of tho indicator 
salts but such changes, if they do take place, ap})ear to bo so small 
that they do not affect tho range of tho reaction as determined 
by the method used here. 

Aqueous solutions of the alkali salts of B. P. B., M. It. and 
B. C. P. were made up according to the directions given by Cjlahk 
and the results shown by these were compared with those obtained 
by tho use of the dilute alcoholic solutions. 

No appreciable differences were detected. Tho aqueous 
solutions gave slightly less intense colouration but this does not 
affect the result when the ‘Range-Indicator Method’ is used. 

Comparing young and old sunflower seedlings we find that 
old plants are slightly more alkaline than younger ])lants but 
variations are found at all stages and it is not surjjrising that 
such variations do occur. One expects slight fluctuations in 
relative acidity and alkalinity of such plants owing to tho 
numerous factors which may operate, e. g. soil conditions may 
vary slightly giving different reactions but those are not likely to 
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interfere here, as all seedlings were grown in soil from the same 
source. 

Conditions of light, heat and moisture were more probable 
as disturbing factors, as it is possible for plants studied on a cold 
dull day to give slightly different results from those given after 
being exposed to heat and strong sunlight in a warm greenhouse. 

Sunflowers grown out of doors did not seem to be different 
from those grown indoors but as the summer was wet and cold 
the conditions would approximate to those in winter in a slightly 
heated greenhouse, so that striking differences could hardly be 
expected. 

SUMMARY 

The actual acidity of sunflower {Helianthus annuua) was 
determined by means of suitable indicators. Sections of the 
plants at various stages and of different regions of each plant 
were compared. 

The epidermis was relatively acid throughout, being at pH 
4*4—4'0, except where the cells appeared to be injured, and hero 
a more acid reaction i. e. pH < 3*4 was obtained. 

Some of the epidermal hairs were more alkaline than any 
other part of the plant and gave an alkalinity of pH )• 9 < 10. 

The piliferous layer and root hairs were acid and were usually 
at pH 4‘4—4‘0. 

The exodermis was more acid (pH 4*4—4‘0) in the early 
seedling stages than in older seedlings and mature plants where 
the reaction pH 5'2—4-8 was found. 

Tho cortex and pith in aerial jjarts usually gave the reaction 
])H f)‘9—5*(), and were sometimeH at pH 5'9 ea. especially in 
mature plants. In subterranean j)artK the cortex and pith were 
slightly more acid and gave a 2 >H .'>•2—4’S usually, hut sometimes 
pH 5-9—5'G was found. 

The endodormis was more acid in underground regions than 
above ground. The usual reaction for tho endodormis above soil 
was pH 5*9—5*6 sometimes pH 5*9 ca. while below soil the normal 
reaction was pH 4*4—4*0, sometimes pH 6*2—4“8 and occasionally 
as high as pH < 3*4. 

The pcricycle underground in most cases was more alkaline^ 
than the endodermis and gave a pH of 5*2—4*8 while in some 
other cases i^H < 3*4 and pH 4"4—4*0 were recorded. Above soil 
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the pH of the thin walled porieyelc wan 5'9—ij'O HoraotiinoH 
6*9 ca., and oorreBpondod in aoulity with the ocUh of the cortex 
and pith. 

The walls of the mature i>orioyolio fibroH an<l the mature 
xylein fibres were among the most acid tisHUCB of the ])lant. 
During the process of lignification a change of reaction from 
pH 6*2-4 *8 to 4*4—4*0 and finally to pH < 3*4 was obsorvocl. 
The walls of mature xylem vessels wore acid throughout being 
at pH 4*4—4*0. 

The phloem was more alkaline than the xylem. The rcaistion 
found most frequently, irrespective of the region of the plant 
examined, was pH 6*2—4*8. In mature sunflower a pH of 5*9 ca. 
was sometimes found. 

The separate reactions given by the phloem and xylem Hoemcid 
to be identical in all regions of the plant. The callus found on 
the sieve plates in the autumn was more alkaline than the contonts 
of the sieve tubes and gave a reaction of pH 6*2 ca. 

Cambial cells did not differ in acidity from that of the neigh¬ 
bouring cortical cells. Phellogen cells in the outer cortex of the 
stem gave interesting results. The outer cell cut off by the j)hellogeu 
was more alkaline than the inner cell, the former ha<l a pH of 
6*2—4*8 while the latter was at pH 4*4—4*0. 

Tissues which showed browning on exposure to air wc^re 
relatively acid and gave a reaction of pH < 3*4. This browning 
was observed in the medullary rays underground, espocMally in 
the phloem region, and in some cells at the toj> of tlie roceptach' 
of the flower head. 

The mesophyll in cotyledons and leaves ai)poared to be at 
pH 6*2—4*8 usually, and sometimes appeared to be at pH 6*9—5*(S. 

Young developing flower-buds gave a reaction of pH 6*2—4*8. 
The mature style became more acid reaching pH 4*4—4*0 (i)ossil)l y 
pH < 3*4), while the anthers matured to pH 6*9—6*(). Polhui 
grains had an acidity of pH 5*2—4*8. Tlie ovary and ovuh* at 
all stages were at pH 6*2—4*8, and the corolla when developing 
had an acid epidermis (pH 4*4—4*0). 

The reactions of the embryo ungerminated and during g(u*- 
mination were studied. The root cai> and root tip, the dermatogen 
and the i^rocambial strands were more acid than the remaining 
tissues of the embryo. The reaction given by these was j)H. 4*4—4*0 
while the other tissues of the embryo were at pH 5*2—4*8. No 
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change of reaction during germination was observed. As the 
plant matxires the parench 3 ?Tuatous tissues and the phloem become 
slightly more alkaline. 

No distinct gradient of reaction for the different regions of 
sunflower was observed, except the difference in various tissues 
above and below ground. 

With the exception of the more alkaline epidermal hairs all 
the reactions found were on the acid side of neutrality. 

2. THE BUFFER SYSTEM 

Although there are other buffer systems, as well as the 
phosphate system described below for the sunflower, they would 
appear to act only in tissues or cells which are below pH 5’2 in 
reaction. The epidermis and other acid tissues have not been 
examined separately, and the investigations by Miss Martik 
may be taken as applying only to the cortex and pith from which, 
as reported, the bulk of the expressed sap was obtained- The 
Buffer Index of sunflower sap is considered in Chapter XIX 
and Miss Martin’s reports are therefore given below almost 
verbatim, as they appeared in „Protoplasma‘', VoIh. T and HI. 

(a) The Buffer of Sunflov'er Hypocotyl 

Certain experimental changes obtained in the hydrion 
concentration of the tissues of the sunflower hypocotyl (Small 
1926), the disturbance which resulted from alkali-yielding bottles 
(Small 1926), and also the large natural variations which have 
been found amongst cells of the same tissue (Martin 1927, Rba, 
Small 1926) all seemed to imlicate the absence of strong buffers 
in some j)lant cells, and th(‘ investigation tleseribe<l below was 
carried out at tlio suggestion of Professor J- Small, as an exa¬ 
mination of one partieiilar case in some detail. The writer desires 
here to exjjress her thanks to Professor Small, and also to Pro¬ 
fessor T, H. Milkoy and his staff for their interest and assislaiiee 
throughout the research. 

INTRODUCTION 

Recent researches have shown how very sensitive the various 
chemical and physical processes taking place in plant and anbnal 
organisms are to elianges in hydrogen ion concentration. 

1) Sue also figure 20, C^hapter XfV. 
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In liv ing organisms there is present a system, sometimes 
a complex of interacting systems, vp’hich acts as an efficient 
mechanism for moderating the changes in hydrogen ion con¬ 
centration so that no serious disturbance of the delicate action 
of the life processes may take place. 

There are several base-carrying systems which are known 
to regulate the hydrion concentration of blood and other animal 
fluids, and of these the bicarbonates and the phosphates seem 
to be the most important. The buffer reactions of the bicarbo¬ 
nates with CO 2 and those of the acid and alkaline phosphates 
have been worked out in some detail for blood and other physio¬ 
logical fluids, chiefly by Hx}ki>bbsok (1906 — to date). In a 
more recent paper (Aetdbxws etc. 1924) the complex inter¬ 
actions of inorganic phosphates (precipitable and hydrolysable) 
with lactic acid and the colloidal protein systems arc elucidated. 

It is now generally recognised that the determining factor 
in many plant processes is the concentration of hydrogen ions 
or of hydroxyl ions present in the sap, and this concentration 
is regulated by the amounts present of certain substances, c. g. 
mixtures of weak acids and their salts, which owing to the way 
in which they dissociate in solution are capable of absorbing, 
in some oases, quite considerable quantities of acids or bases, 
thus buffering the reactions of the cell sap. 

In plants our knowledge of buffer action is duo chiefly to 
Humpel (1917), who investigated the expressed juice of succu¬ 
lents and concluded that in most oases malic acid and its salts 
interacted in such a way as to maintain the reaction of the juice 
within a pH range which could not injure the protoplasm. 

Certain plants, in particular succulents, are highly buffered 
while others, e. g. Zea mais, are buffered only to a slight degree; 
and there is also the possibility that some plants are not buffered 
at all, at least not to any appreciable extent. In plant cells where 
the reaction of the sap is markedly acid organic acids and their 
salts are known to regulate the reactions, hut xij) to the present 
no investigation of plant cells with less acid sap has l)Oon carrit'd 
out (see Chapters IX and XIX). 

The following research was undertaken to determine to 
what extent the expressed sap of sunflower {Helianthua annuus) 
was buffered and to what substances the buffer action, if any, 
was due. 
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Experiments with oaxbon-dioxide (Exa 1926) indicated that 
the carbonate-bicarbonate interaction was not the effective agent 
in maintaining the normal reaction of sunflower sap. 

It hae been pointed out as a remarkable fact that “COg 
the universal product of oxidation is the most efficient regulator 
of neutrality in living organisms” (Hxkbx&sok 1913), but this 
conclusion was arrived at after consideration of animal organisms 
not of vegetable organisms. The Carbon Dioxide Balance 
has been shown to have important effects on ordinary plant 
tissues. 

In succulents the formation of acids is due to incomplete 
respiration. The interaction of these organic acids and their salts 
produces marked buffer effects. 

A non-succulent, such as sunflower, presents quite a different 
arrangement of tissues and the metabolism also differs, so that 
we should not expect organic acids to play an important rdle 
in the reactions of the cell sap of this plant. Under normal con¬ 
ditions the carbon dioxide of respiration of sunflower is used up 
in carbohydrate formation. 

In the epidermis of sunflower, where photosynthesis is absent, 
COg may accumulate and the formation of organic acids may 
accoimt for the more acid reaction (pH 4'4 —4’0) found; or the 
carbon dioxide of respiration, when slowly diffusing from the 
epidermal cells, may precipitate any phosphates present in so¬ 
lution, so that in the absence of any organic acids this sap will 
be unbuffered and consequently will become more acid in the 
presence of COg. 

As the reaction of the expressed saj) of sunflower hy])ocotyl 
is on the alkaline side of the iso-electric points of most plant 
]m)teins, any j)roteins present would act as acids and lilxTate 
bjxse, but the j)roperties of proteins as amphoteric elecitrolytes 
dejjend on their concentration not on their activity, as they tlis- 
sociate only very slightly and do not readily form salts with weak 
acids or bases. 

The concentration of proteins in the expressed sap was 
extremely low, so that the part played by such a system would 
be negligible, even if the proteins could carry l)ase so far on the 
aci<l side of neutrality. 

Attention was directed to the jjhospliate system as it was 
considered that inorganic j)ho8phates, if iwesent in <lilute con- 
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oentration, might be the substances buffering the sap of sun- 
flo'W'er hypocotyl. 

In all experiments with expressed sap there is the possi¬ 
bility that chemical changes may have taken place during the 
process of extraction. The reaction of expressed sap is that of 
a mixture of a number of cell saps where various reactions may 
be characteristic of each group of cells; and in addition there 
is the possibility or even the probability of different reactions 
within the same individual cell. Adsorption ^dienonuuia with 
the resulting phase boundaries make this condition <^xtrein(dy 
probable. In these experiments the bulk of the sajj was dtuived 
from the cortex and the pith of the hypocotyl. 

INORGANIC PHOSPHATE ANALYSES 

The phosphate content was determined immediately after 
removal of the protein, to avoid complications tlue to bacterial 
or fungal action as plant extracts do not keep for any Itmgth 
of time. 

The inorganic phosphate content was determined by Embuhn’s 
gravimetric method (Embi>iii 7 1921), i. e. by precipitation wit h 
a mixture of ammonium-molybdate-nitric acid solution and a 
concentrated solution of strychnine nitrate, (sec Apj>cn<iix I). 

In the first few experiments the sap was weighed but in later 
experiments this was not considered necessary as 2 cc. sap wcughed 
approximately 2 grams; also in these preliminary cx])criin<‘nl.s 
the mixture of sap and protein precipitant was boiled befor(‘ 
being filtered, but this proceeding was considure<l inadvisable 
as boiling in acid solution hydrolyses the proteins and so might' 
liberate phosphorus from the phosphoproteins. At first varying 
quantities of sap (from 6 cc. to 1 cc.) were taken for the H.,P 04 
analysis but it was found that 2 cc. was a convenient (|iiantii\’ 
to work with. 

First Series 

H 3 PO 4 from boiled extract. 

0-64 grams jier litio 
0-70S „ „ 
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Second Series 


H 3 PO 4 from unboiled extract. 

0*63 grams per litre 


0*501 

0*46 

0*64 

0*67 

0.66 

0*601 

0*531 






All these results were taken from seedlings of approximately 
the same ago and grown under the same conditions. 

The results from the boiled extract are slightly higher than 
those from the unboiled extract. 

The fact that the amounts of phosphoric acid obtained from 
the boiled extracts did not differ greatly from those of the unboiled 
extracts is probably due to the absence of proteins in any quantity 
in the cell sap. 

Taking the resialts of the unboiled extracts we see that the 
inorganic phosphate content in the expressed sap of sunflower 
hypocotyl varied between 0*005 molar and 0*006 molar phos- 
j)horic acid. 

All later experiments were carried out in the cold i. o. at 
room temperature. 

Another lot of older, less juicy seedlings contained a little 
more x)hoRphatc per litre, owing possibly to their lower water 
content. These had inorganic i)hosj)hate concentrations (‘orre- 
sponding to from 0*00<) molar to 0*007 molar jdiosplioric a<*id. 
Th<‘ [>hosphate <‘ontents of these were as follows: — 

H 3 p ()4 in gnims ]H‘r litre 
0*04 
0*67 
0*68 
0*65 
0*66 


REACTION AND BUFFER VALUES OF EXPRESSED SA1‘ 

The buffer effects of several samples of expressed saj) were 
then determined and these results showed that the buffer value 
Protoplasma-Monograpbien H: Small 14 
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of sunflower sap, in terms of molar H 5 PO 4 , corresponded closely 
to that of the actual concentration of inorganic phosphates present 
in solution in the cell sap. 

Some samples of sap were diluted with an equal quantity 
of neutral water, while other samples were tested for buffer values 
without previous dilution. The buffer values of the undiluted 
sap in terms of molar phosphoric acid were as follows: — 

HsPO* 

0 0069 M. 

0 0068 ,, 

0 0069 ,, 

0-0068 „ 

0-0066 „ 

0-0066 „ 

The buffer values of the diluted saj) were as follows: -— 

H 8 PO 4 
0-0064 M. 

0-004 „ 

0-007 „ 

0-0066 „ 

0-0066 „ 

0-0066 „ 

As these results correspond closely we conclude t.hai. di¬ 
lution with an equal quantity of neutral water did not alt.er tlu^ 
buffer value of the sap. 

Determinations of the reactions of sap and of pbosj>haie 
solutions were made by matching the colour, before an<l afl.<*r 
each addition of acid or alkali, with that of standard solutions 
of known pH made up from B.D.H. universal buffer solution. 

For this purpose the liquid was introduced into small tin¬ 
tometer bottles with two flat sides, as it is considered that, this 
method gives more accurate results than judging tin* colours in 
test tubes. 


EXPERIMENTAL 

EXTRACTION AND DEPROTEINISATION OF HAP 
The sap of sunflower hypoootyl was expressed by crushing 
the tissues in a small press. This expressed saj) was filtered and 
centrifuged. 
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The centrifuged sap contained some colouring matter so 
that care was necessary in determining the actual reaction. 

Any proteins present in the expressed sap were removed 
by a 10 per cent solution or a 3 per cent solution of trichloracetic 
acid. In some cases the proteins were precipitated with sodium 
tungstate (Na 2 W 04 • 2 H 2 O) 10 per cent solution and H 2 SO 4 in 
normal solution. 

Normal H 2 SO 4 was used in preference to Vs ^ H 2 SO 4 owing 
to the fact that excess acid prevented precipitation, as calcium 
phosphate, of any calcium present, which would have lowered 
the apparent phosphate content. 

The filtrate obtained by this method was always turbid and 
required refiltoring. 

This is the method, given by Milhoy (1921) for the preparation 
of protein free blood filtrates, slightly modified to suit the sub¬ 
stance being deproteinised. 

Trichloracetic acid gave a clear filtrate which gave more 
reliable results than the sodium tungstate and H 2 SO 4 filtrate 
which in some cases contained traces of proteins or their hydro¬ 
lytic products. 


SPECIMEN DETAILS OF SAP SAMPLE NO. 4. (BELOW) 

A series of experiments were carried out in which the buffer 
value of the sap was determined first, then another part of the 
same sample was analysed for inorganic phosphates. 


One experiment is given in detail below. 


Expt. I. (I) Reaction determinations: The reaction of the 
expr<\sHed sap at room temperature was ])H 5-(). At this rea<*tion 
tlu‘ ratio of KgH to KH 2 PO 4 e(>rres]>on(ls to ])er mol ])hosph<)ric* 


milliinols. 

. JOo *0 

2 cc. of this sap were taken ami ()’5 cc. NaOH U‘U05 M. 
(1-25 millimols per litre) added and the reaction again determined, 
when the pH was found to be 6-4. 


K HPO 252 

At thifl reaction the ratio })eoomes an inerease of 


KH2PO, 


215'G millimolH iier mol i^honphoric acid and therefore the 1*25 
millimols base added correspond to 0*()()58 M. H 3 P() 4 . i. e. a 
0*0058 molar phosphate solution of jiH 5*0 would show a shift 


14* 
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From these results it seems quite clear that the buffer effect in 
the sap of the sunflower hypoootyl between pH 5*0 and i)H (i-8 
is in fact due to the inorganic phosphates present at a very low 
concentration. 

Parallel exiieriments wore carried out with midiluted sap 
and with sap diluted with an equal quantity of neutral water. 
The buffer capacity of equal amounts of sap corresponded in each. 

The results of two such experiments are given below: — 


/. Diluted sap 



wi 

pH 

9 o 

K 

Base equivalents 
per litre 

1 

JS 

1 

Buffer value 

Indicator B. C, 

P. 








2 cc. diluted juicG 

• 

0 

5(5 

— 

— 

— 


22 99 99 

99 

• 

0'2cc. 

6-0 

— 

— 

— 

- _ 

2 „ 

99 

• 

0-4 „ 

6-2 

— 

— 

— 

— 

Indicator B. T. 

B. 








2 oc. diluted 

juice 


0 

5(5 

— 




22 99 99 

99 


0*2 cc. 

— 

— 

— 

- 


22 99 M 

99 


0-4 „ 

6-2 

— 

— 



2 99 99 

99 


0 ($ „ 

6-6 

— 

— 

— 


I 99 99 

99 


0-8 „ 

7-0 

— 

— 

— 

- - 

<•> 

99 99 

99 


10 „ 

7-4—7-2 

— 

— 

— 

- 

Indicator P. JK. 









2 ce. diluted 

juice 


0 

5-6 

-31)4 


0 




0(>3(5 



2 ,, 

2 99 99 

99 

99 

• 

0-8ce. 

1.0 

7-0 

7-4 

5-02 

iT)8 

7*0 

2-1 

753-(5 

2-0 

2 5 

-0033 M. 


This correspotids to a buffer value for undiluted juice of *00(10 M. i)hoK- 
phoric acid between pH 6*6 and pH 7*4. 
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II. Undiluted aa/p 



NaOH 

(•005 M.) 


M’mals 

base aded 

^ 11 
o o 

MW 

1 

II 

^ &1 

J_ 

• Buffer value 

Indicator D. E. It. 







2 cc. Juice .... 

0 


0 

•364 

9-636 



2 ,, ,, .... 

0*2 cc. 

5-8 

0-5 

-76 

9-26 

1-72 

8*28 

>215-0 

•0069 M. 

o 

^44 .... 

0-4 „ 

0-2 

1*0 


HPaO. 

o 

0-6 

6-4 

1-5 

2-52 

7^ 



Indicator B. C. P. 







2 Of. fFiiicc .... 

0 

5() 

0 

•364 

9*636 



o 

arf f. SI* .... 

-> 

** s* • . • . 

(>•2 ce. 

0*4 „ 

r>-8 

0-2 

0*5 

1*0 

•76 

9*26 

1*72 

8*28 

2ir)-(i 

00069 

2. 

! 

()•« „ 

6*4 

1*5 

2*62 

7*48 



Indtrafor li. T. li, | 







2 (*<*. .Juior, .... 

,1 

:! 

r> 6 

0 

•364 

9*6;{(i 



o 

SS 99 .... 

0-2 cc. 

— 

O*.^ 

— 



W ss •* * • • • 

0*4 „ 

6*2 

1*0 

1-72 

8-28 

216*6 

0*0069 

-> 

»» ss * • • . 

0*6 „ 

6*4 

1*5 

2-62 

7 *'48 




The addition of (i-(5 vc. i. c*. 1 .5 millimolM of ‘00.5 M. HtU to the nap at pll d 4 
shifted tlio reaction back to the original pH 5'6, showing that the buffer 
value liacl not changed while the experiment was proceeding. 
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CSARBON DIOXIDE EFFECTS ON EXPRESSED SAP AND ON 
PHOSPHATE BUFFER SOLUTIONS 

The effects of different percentages of carbon dioxide on 
sunflower sap and on a dilute solution of KH 2 PO 4 of molar con¬ 
centration approximately equal to that found in expressed sap 
were determined. 

The reaction of this 0'007 M. KHgPOj was plHL5‘0. 

In order to test the buffer value of this }>hoHphato Holut.ion 
within, the same range as that in which the oxpre.sstvl saj) was 
examined, alkali (*006 M. NaOH) was added until tlic! reaction 
was pH 6 * 6 . 

To obtain known percentages of carbon dioxide tlu» small 
inverted burette from a Gaitono’s photosynthometcr (cai)at!ity 
about 20 cc.) was used. This burette was first filled with mercury 
(which had been previously cleaned by squeezing through e.kian 
chamois leather), then inverted and a known amount of mercury 
was displaced by air. Then the required amount of wtishecl carbon 
dioxide was bubbled in from a Kipp aj)xjaratus, (lis}>lacing ii.s 
own volume of mercury at atmospheric pressure. In this way, 
by varying the amounts of air and carbon dioxide allowed to 
displace the mercury, a known percentage of carbon dioxidt' 
could bo obtained. 

After bubbling in the carbon dioxide the taps were (tlosiul. 
At one end of the burette a small tube of about 2 cc. capatuty, 
containing one drop of indicator solution and the li<]iiid to be 
experimented with, was attached by rubber tubing and a <'>lip. 
The clip was then removed and the mercury was allowed to come 
down into the tube, displacing the liquid upwards into an atmo¬ 
sphere of carbon dioxide of known percentage. 

One cubic centimetre of liquid was tested in this way, while 
the remainder was left in the tube and served as a comparison 
with the liquid acted upon by the carbon <lioxido. 

After closing the clip, the liquid was shaken iq) with tlu^ 
gases in the burette and the acidified liquid was trausferrc'.d to 
the tintometer bottles, where the colour was matched with that 
of a solution of known pH. In this way the reactions of the 
expressed sap of sunflower hypocotyl and of a dilute phosi>hate 
solution in the presence of varying percentages of carbon dioxide 
were determined. 

The results of these experiments are tabulated below: (i>. 217). 



Table XIV 

Reactions of expressed sap of sunflower hypocotyl, within creasing percentages of CO2 
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In all CO 2 experiments there must ho an error due t.o the 
escape of CO 2 as a gas. To avoid this error as far ns may ho it 
is necessary to pour the liquitl into the bottle tis quickly as ixwHihlc 
and close the mouth of the bottle with the glass stoi)per. 

Acidified sap at pH 4*8 was allowed to remain overnight 
in an unstoppered bottle, when the pH was fouml to have gone 
hack to the original i. e. pH 5*6. 

Of course other factors, in addition to the escape of CHDa 
gas, may have come into action. 


The expressed sap of sunflower hypocotyl gave at room 
temperature a reaction value of pH 5‘tt. 


At this reaction the ratio 


KaHPO* . -304 

_____ ' _ _ 


IB 


KHjPO^ *“ 9-630’ 

•75 

At pH 6*8 the ratio is g. 2 g» normally the reaction 


of the sap is near the unbuffered range, on the acid side, of t.hc 
phosphate system. Below pH 5-2 all the inorganic phosphates 
present in solution are converted into KHgPO^. Beyond. 
fH 5'2, therefore, carbon dioxide may exert ita full acidifying 
influence, acting as it loould on a completely unbuffered fluid. 

Under normal conditions the reaction of the Bai> is main¬ 
tained at pH 5-6 by removal of the carbon dioxide of respiration 
by photosynthesis or by diffusion. 

If the tissues of the sunflower hyi)ocotyl were highly buff<'r<id 
then carbon dioxide could not have produced such (dfee.t.H as t.h<)s<>. 
found, but with a sap buffered only with a very dilute solution 
of phosphates then carbon dioxide, if present in sufficient coimcn- 
tration, can produce shifts from the normal reaction and thoH<‘. 
reaction swings may cause the ohanges which arc found. 


SUMMARY 

The inorganic phesphato content in different samples of sap 
varies from 0*005 M. to 0-007 M. idiosphoric acid and the biiffer 
values of this sap, in terms of molar phosphoric acid, corrcsjjonded 
very closely to the actual phosphate concentrations. 

The normal reactions of the sap of sunflower hypocotyl 
are, therefore, only slightly buffered and this small amount of 
buffer action is due to a correspondingly dilute concentration 
of inorganic phosphate present in the sap. 
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Heating the sap over-night at a temperature of 30“ C did 
not inorease the inorganic phosphate content. 

In an atmosphere of CO^ of concentrations ranging from 
5 per cent upwards the normal reaction pH 5*6 of the sap was 
changed to reactions of higher acidity. Selow 5 per cent the 
CO 2 did not affect the hydrogen ion concentration within a pH 
range of 0 * 2 , while above 6 per cent a progressive series of reactions 
of decreasing pH values was obtained with increasing concen¬ 
trations of carbon dioxide. 

5 per cent carbon dioxide shifted the reaction from pH 5*6 
to pH 5*4. 

9U per cent carbon dioxide shifted the reaction of the sap 
from pH 6*6 to pH 4*0—3*8. 

No determinations were made with 100 per cent carbon 
dioxide. 

The more acid epidermis (pH 4‘ 4 -- 4*0) of sunflower presents 
interesting possibilities, and the nature of the physical and che¬ 
mical processes to which this higher acidity is due has not been 
elucidated. 


Addendum 

(One Experiment only. Further work required) 

A large quantity of sap was left overnight at a tomporature 
of 30® O. A brown j)recipitato settled out leaving a clear extract 
above. This extract was filtered, then its reaction and buffer 
value were determined at room temperature. The reaction of 
this extract was pH 5*2 and the buffer value between i)H 5*2 
and pH ()*4 eorrcHi)onded to that of a 0‘012 molar phosijhorie 
acid solution. 


The inorganic phosphate content of this extract was not 
determined. K HPC) 

At pH 5*2 the ratio of Tj-lT~T 5 rr ^'0068 M. H 3 PO 4 solution 
*000034 ivUgFOa 

is . .• The total base content of this phosphate system is 

*006766 

6*834 millimols. 


At pH 6*4 the ratio in 0*0068 molar H 3 PO 4 is - 


0017136 
0050864■ 


The total base content is 8*5136 millimols, giving an increase 
of 1*6796 millimols. 
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The 8 widifcion of 1-6796 millimolH of banc tio a 0-006H molar 
phosphoric acid solution at pH 6-2 wouhl change the reaction to 
pH 6-4. 

The clear extract required 2-6 millimols btuio to swing it-s 
reaction from p H 5-2 to pH 6-4, so that acul groups other than the 
0-0068 molar H 3 PO 4 must have l)Oon jirosent in sxifficient ([uantity 
to absorb approximately 8 millimols base. 

The clear extract may have containo<l phosphates cornv 
sponding to more than 0-0068 M. HaPO*, (this being the actual 
phosphate content of another samjdc of th(» same juice which 
was heated and in which the clear extract and precipitattx wen^ 
shaken up and analysed together), if all the inorganic; phosphatc^s 
present remained in solution in the clear portion of tl«; saj). 

The source of this higher acidity might be dxie to hycirolyi.ic 
products of proteins or other organic substances prescuii. in t.hc; saj). 

Bacterial and fungal action may also have played a j)a.rt.. 

Further investigations of the effects of heating the sap arc' 
necessary. 

(b) The Buffers of Sunflower Stem and Root 
INTE0DUC5TI0N 

The actual acidities of the tissues of Sunflower stein and. 
root arc recorded above. Wc will only briefly rc;fer t.o t.h«*s<; ht*ro. 

In those tissues individual variations do occur, but thc‘sc an; 
of a highly restricted nature, o. g. the reaction of tlic partuichynui- 
tous tissues varies between the ranges jiH .'>•2—4-8 ancl pi I 
6-9 ca.; pH 6 - 9 —S-6 l>eing the reaction range found niost fr<;(ju<‘ntly. 

Th(»e slight variations may be due to one or more of the; 
numerous factors which are known to affect the relative aciidit,\' 
of plant tissues. Soil conditions, light, heat, etc., may be; respon¬ 
sible, or the variations may be due to internal factcjrs the; action 
of which is still uncertain. 

Apart from these slight natural variations, examination of 
thcj observations referred to above reveals a remarkable; con¬ 
stancy in the pH values maintained throughout the life-history 
of the plant, and that not only in the individual, for on comparing 
a number of plants of the same species wo find the same pH 
values occurring again and again. Having studied one (if any 
species of plant, we may, with a very fair degree of accuracy, 
state the characteristic pH of each tissue of any number of that 
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species (Chapter X) provided, of course, that external conditions 
do not vary to such an extent as to upset the normal life-processes 
within these jdants (Small 1920), The reaction values have also 
been shown to he remarkably constant in some plant tissues 
throughout the year (Chapter XI). 

Consideration of recent work on plant and animal tissues 
leaves no doubt that this constancy is, to some extent at least, 
due to buffer action within the cells. 

The importance of buffer action in the life of organisms has 
l)een dealt with in some detail by several workers and has been 
emphasised especially in the case of the body fluids of animals. 
In the plant kingdom succulent plants, where the degree of buffer 
action is high, have been made the chief subject of study (Hem- 
PBL 1917). 

Owing, perhaps, to the small quantities of the substances 
responsible for the comparatively slight amoimt of buffer action 
found in some non-succulent plants, very few of these have been 
studied in any detail, and only in a few cases has the buffering 
of the juice been traced to some substance or substances within 
the sap (see Chapter XTX). 

Tn order to understand how, under ordinary circumstances, 
the relative acidity of any plant cell does not shift far from its 
normal reaction, it is necessaty to determine what the buffering 
substances are, the concentrations of those present, and the range 
in which these may be effective. 

Mixtures of the acid and the alkaline salts of pliosphoric acid 
buffer between pH 5*2 to pH 8 approximately, while other sub¬ 
stances are effective at higher and lower pH values. 

It has l)een shown above that in the case of the hypocotyl 
of Sunflower seecllings a small concentration of inorganic ])lu)s- 
])hateH was present in sufficient quantity to account for the buffc^r 
value of the expressed sap as determined by titration with alkali, 
between pH 6-6—6-8. 

Titration was carried out within arbitrary limits which did 
not vary far beyond the range of hydrion concentration found 
within the tissues of the plant. 

In the present investigation stems and roots of mature Sun¬ 
flower plants were examined, by the same methods as were usetl 
in the study of the buffer processes in the expressed juice of the 
hypocotyl of the seedling. 
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EXPERIMENTAL 

Stems of mature Sunflower (HeliaTvthus annum) wore out 
off slightly above soil level. The loaves and the steni tijj wore 
cut off and the juice of the stem was expressed by tfrushing l.he 
tissues in a small press. 

In a few cases this expressed juice was centrifuged, but., as 
centrifuging with a small hand centrifuge was rather a slow 
process, in all the later experiments the say) was filtere<l tlirougli 
a Buohitbir fuimel lined with filter paper and containing asbesiios 
which had been previously well washotl with neutral wal^u' aiui 
sucked dry with a filter pumj). 

This procedure cleared the sap of Horay)s of tissue' and the 
filtered sap was practically devoid of colouring matter. 

As this method of clearing the expresse<l say) is much (]ui<‘-k('r 
than centrifuging, possible physico-chemical effcct*< such as 
oxidation on exposure, etc. are minimised. 

The expressed sap was then titilisod Immediately for inorganic 
phosphate analysis and determinations of buffer valu(^s. 

The roots were out off and well washed under running tay) 
water. The finer particles adhering to the. roots wore brushed off 
with a oamelhair brush. When as free as possible from fonugn 
matter the roots were washed with <liHtillcd water, tlu'u with 
neutral water, after which they were dried by soaking off the 
moisture with blotting paper. 

This procedure must have left some moisture adlu'ring to 
the roots but this does not seriously affect i.he n'sults as t.Iu* 
comparison of the actual jAosphate concentration with t.l>c <h*grcc 
of buffer action is more important than the mere mcjisun'ment of 
phosphate content of undiluted sap. 

The buffer value and the phosphate concentration will he 
equally altered by dilution and hence the results will still be 
comparable. 

Since dilution does not change the ratio of aci<l sail, to nor¬ 
mal salt in dilute concentration, the pH value* of the say) on dilution 
should not shift to any appreciable extent. 

After the roots were cleaned, the tissues were* ctrushed aiul 
the expressed sap was filtered by the same method as was used 
in the case of the stem tissues. 

In all experiments with expressed sap it is essential to coin- 
pai% the juice of corresponding parts of plants as different i)arts 
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may differ in. acidity, e. g. the parenchymatous cells of the root 
in Sunflower had slightly more acid cell contents than the corre¬ 
sponding tissue in the stem. In these stems and roots no con¬ 
tinuous gradient of reaction was observed. With the exception 
of the underground part of the stem which was avoided in this 
investigation, the upper, middle and lower portions of these 
regions showed the same pH values, so that the sap expressed 
from the stem region or the root region as a whole is not a mixture 
of cell-saps varying in reaction from region to region. By using 
the sap expressed from stem and root separately we get a fair 
approximation to the true state of the conditions in the sap of 
stem and root as far as the phosphate factor is concerned. 

Sap reactions were determined by matching the colours 
given by suitable indicators with standard solutions of known pH, 
using small flat-sided bottles in all cases. The indicators used 
were Methyl Red, Diethyl Red, Bromo-cresol Purple, Bromo- 
thymol Blue and Phenol Red. 

All experiments were carried out at room tomj)erature. 
Embden’s Phosphate Method as given in Ai)pen<lix I was used 
throughout. 


BUFFER VALUES AND TNORGANTC PHOSPHATE ANA¬ 
LYSES OF EXPRESSED SAP OF SUNFLOWER STEM 

Expevime'nt I 

The reaction of tlie saj) was j)H .T’S. 

Using undiluted sap the following shifts in reaction on 
a(l<lition of O'OO.l M NaOH were ohtaiiied. 

The buffer values are ex])ressed in terms of molar phosplioi'ic 
acid. 

2 e.e. sap were used for each determination. 

The results are tabulated below. 


Orii/itial j)H 




Jiiiffer values 

r>-8 

2 

01 

«•()—5*8 

, 

5-8 

2 

0-2 

<r4—0-2 

— 

6-8 

2 

0-3 

0*4 

0-0042 

6*8 

2 

0-5 

OG 

0-0044 
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The amount of H 3 PO 4 present in another 2 c.o. portion of 
t.T>ia sap was 0-43148 grammes 2 )er litre or 0 0044 M, as <letormin<*<l 
by precipitation and gravimetric analysis. 

On looking at the table above we see tliat tlie »Ml<liti<m of 
0-5 e. c. NaOH 0-006 JM, in other words 1-25 millimols ba,M(‘, to 
the juice at pH 6-8 caused a reaction swing to i)H 6 - 6 . 

76 

At pH 5-8 the ratio KaHP 04 : KH 2 PO 4 is cxprcss(Ml in 


millimols per litre. At pH 6-6 the ratio KgPH ()4 : KHaF ()4 lx*- 
330 

comes -so that a molar pho 82 ihate solution would require tlie 

644 


addition of 281 millimols base 2 J©r litre to shift its rea<ftion froni 
pH 6-8 to pH 6 - 6 . This shift in sap reaction was causcxl by 1-26 
millimols base; therefore, the system behaved as a 0-0044 nudar 
solution and this was the actual concentration of inorganics 2)1u>h- 
phate present in the sap, a« determined -by gravimetric analysis. 

A few other experiments are given Iwlow. 


Experiment II 

In this case each c.o. sap was diluted'to twie(‘ its volume 
with neutral water. 


Original pH 

c. c. ilil, sap 

0 . c^ NaOH 

pH 

liiiffor valiu* 

5*8 

2 

01 

«-2 

0 *(M)r>l 

5*8 

2 

0-2 

(i-O 5*4 

- 

6-8 

2 

0-3 

5*5 

o*()()r)3 

5-8 

2 

0-4 

5*8 

00050 

5*8 

2 

0-5 

7*0 

1 iHHHH 


To an undiluted 2 0 . c. portion of this sa^) tlic- mldil.ioii of 
0-2 c. c. NaOH 0-006 M gave a shift in reaction to pH 6-2 c-orre-- 
sponding to 0-0061 M H 3 PO 4 i. e. a phosphate solution c-oniaining 
0-0061 M H 3 PO 4 would change in reactiem from pH 6-8 to pH (J-2, 
on addition of 1 millimol base 2 >®r litre. 

The actual concentration of H 3 PO 4 ]»eseii 1 . was 0-4!)()44 
grammes per litre, which is equal to a ()-0()60 molar solui'ion. 


Experiment III 

In this experiment the sap was again diluted to twicx* il.s 
volume, with neutral water. 
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Original pH 



pH 

Buffer value 

5-8 

2 

01 

6*4—0*2 


r>-8 

2 

0*16 

6*4 

0-0042 

r>-8 

2 

0*6 

7*2 

0-0040 


H 3 ^ 4)4 (lotorTTiiTiocl hy gravimetric analysip =0-0039 M. 


Experiment IV 

Sap diluted to twice it« volume with neutral water. 


Original pH 

(f. e. clil. snp 

e. c. NaOH 

pH 

Buffer value 

0-8 

2 

O-l 

0*2 

00051 

6-8 

2 

015 

0*4 

00042 


Average buffer value =0-0040. 

Actual concentration of rrjjl ^04 pro.scnt was 0-0047 M. 

From the above results we conclude that inorganic phosi^hates 
are present in solution in the exproRsed wap of Sunflower Htem, 
in sufficient concentration to account for the buffer action found 
witliin the sap. 


SUNFLOWER ROOT 

Owing to the conHidorablo time necesHary to obtain sap 
from Siinflowi'r roots only a few c. c. «aj) were available for each 
exp(‘riiiient. 

The r(\siilts from three exjieriments are given below. 

E xperimeni I 


Sap diliit(‘(l to twi(^o its volume with neutral water. 
I'he reaction of this exj)ressecl saj) was pH 5-0. 


Oriiiinul pH 

e. e. (iil, sjip 

e. e. NaOH 

pH 

Huffier value 

50 

2 

0-1 

5 0 

_ 

r>() 

2 

1 0-2 

6-0—6*8 

— 

5*0 

2 

0-3 

0-2 

00070 

50 

2 

0-4 

0*4 1 

0 0009 


The addition of 0-1 c. c. NaOH brought the reaction of the 
sap from jdH 5-0 to pH 6-0, and 0-4 e. c. swung the reaction to 
pH 0-4. 

Protoplasma-Moiioppraphien IL; Small 15 
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As pH 5-0 is on. the acid side outside of the range of the 
phosphate buffer system we consider the reaction swing i)ctwoen 
pH 5*6 and pH 6*4. 


At pH 5*6 the ratio 
At pH 6*4 the ratio 


KaHP04 36*4 
kHgPO^ 903*6 
K 2 HPO 4 _ 252 
KH 2 PO 4 748’ 


Between these two reaction points 215*0 milliinols base per 
litre are required to give this shift in a molar solution. 0*3 <'. e. 
NaOH were added to 1 o. c. sap (or 2 0 . c. <lilutod sap) which 
is equal to 0*15 millimols base per litre. Therefore the buff<‘r 
value of the sap, in terms of molar pho.sphori<! attid was 
0*0069 M. 

The concentration of inorganic phosphates y)reHent was 
0*0074 M. 


Experiment II 

The reaction of 2 0 . c. sap on the addition of 0*2 o. c.. NaOH, 
changed from pH 5*6 to pH 6 * 2 . This reaction shift calculat<‘d 
in terms of molar phosphoric acid indicates a buff(*r value of 
0*0037 M. 


The remainder of the sap was diluted to twice its volume with 
neutral water and titration with alkali gave the following resulis: 


Original pH 

c. e. Hap 

c*. 0 . NaOH 

pH 

Buffer valiK* 

5-6 

2 

0-2 


() 0()37 M 

6-6 

2 

0-3 

«*4 

0-0()34 M 

6G 

2 

0-4 


0 ()();)I M 

6-6 

2 

0-5 

6-8— 

— 


The average buffer value from the above table is 0*t)()34 M. 
The concentration of inorganic phosphates was 0*0033 M which 
figure corresponds fairly closely to the degree of buff(>r netiion 
present in the sap. 


Experiment III 

The reaction of the expressed sap was pH , 5 * 6 . 

The addition of 0*2 c. 0 . NaOH 0*005 M brought the actual 
acidity of the sap to pH 0*2 while the addition of 0*4 c. <(. 
NaOH to another 2 c. c. sample of the sap shifted the reaction 
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to between pH 6-6 and pH 6*4 as is shown in the following 
table. 


Original pH 

0. c. Bap 

c. c. NaOH 

pH 

Buffer value 

6*6 

2 

0*2 

6-2 

00037 

5-6 

2 

0*4 

6-6\ 

0-0031 

— 

— 

— 

6-4/ 

0-0046 

6-6 

2 

0*4 

6-6 

0-0031 


The inorganic phosphate content of a sample of the sap was 
0-0034 M. 

Other determinations of phosphate content and buffer values 
gave similar results showing, that in the root as in the stem, 
the buffering of the sap, between the reaction points determined, 
is due to the small amount of inorganic phosphates dissolved 
therein. 

The amount of inorganic phosphate present in the sap of 
Sunflower stem and root is sufficient to account for the buffer 
values found, within the limits of the reaction of the expressed 
sap to the pH values mentioned above. 

This does not exclude the possibility that there are substances 
within the plant which may act as buffers at higher or lower 
degrees of acidity or alkalinity. 

Hbmpbl (1917) on titrating the juice of succulent plants 
between pH 6*81 and pH 9*3 (litmus and phenolphthalein transition 
points respectively) found that some substances were present 
which were capable of acting as acids at these low concentrations 
of hydrogen ions. These sxibstanees do not normally act as acids 
within tlie plant sinces the <*ell-sa|) reaction of these comparatively 
strongly buffert‘d j)Iants is luainiained at a much lower pH valu(‘ 
l)y a buffer system (consisting of mixtures of organic acquis and 
their salts. Of these substances aluminium hydroxide, a typical 
iiK^rganici ampholyte was chiefly responsible for the buffer action 
bed ween pH ($ Sl‘ and pH 9*3. 

Ft may be that in Sunflower sap some such amphoteric 
su])stances e. g. amino-acids and their derivatives which are 
known to have some degree of buffer action at j)H values on the 
alkaline side of neutrality are present; but we are here considering 
the normal conditions within the plant and for this reason titration 
beyond neutrality (pH 7*0) was not carried otit. 

ir>* 
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CONCLUSION 

Throughout the normal range of reaction for cortex and 
ground tissue, the juice of the stems and roots of mature Sun¬ 
flower plants is huffercd, as in the hypocotyl, l)y a small c^oncuui- 
tration of inorganic ])hosphates ])resent in solut ion in the e(‘ll saf). 


These investigations by Miss Martin dcinonstratcMl (juito 
clearly that buffer action in at least some TU)n-suc<*.ul(ui< plants 
is very small within the natural range of pH as found in the 
tissues. By accounting completely in an accuirate (piatitii.ativo 
manner for the buffer action found by the actual i)hos})hate 
content as determined experimentally, Miss Martxnt opcsiu'd up 
the field for this type of work in plants, and at the sanu^ lirtie 
demonstrated how ill-founded had been the previous gcuu^rali- 
sations based upon a suppose<l similarity in th<^ (l<‘!gr(M‘ of bufh^r 
action for plants and animals. Fortunakdy the* first <\varnpl(’s 
chosen presented a simple solution but that t}KU’<‘ an* oilu^r 
problems will be made clear in the next chapter. 



CHAPTER XIII 

THE BROAD BEAN (VICIA FABA) 
TISSUE REACTIONS AND BUFFER SYSTEMS 

These are given below almost exactly as reported upon in 
5 ,Protopl'Xsma'% Vols. II and III by Rea and Sm ale (1927) as to 
tissues, and by Martin (1927) as to buffer-systems. 

1. THE TISSUE REAUTIONS OE VICIA FABA 

Some of our earliest observations clearly demonstrated tliat 
the sunflower and the broad bean differed considerably in the 
differentiation of their tissues with regard to hydrion concen¬ 
tration. One of the outstanding features of the sunflower is the 
marked acidity of the epidermis and this character is absent 
from the broad bean. Attention was, therefore, directed to the 
tissues of Vida faba. These tissues were examined as to their 
hydrion concentration throughout the plant and at v^a’-ious 
stages in the life of the plant. The account which follows details 
the results of our observations on this species. 

MATERIAL 

It lias King b(HMi known that the s(^ed of tlu' liroad Ix^an 
<*ont <iius an indieator wliieh ehangc^s from grcHMi (acid) to ytdlow 
(alkaliiH") a<‘(*or<ling to tlu' ])H of the medium. J'ioth the gr<‘eii 
and whit(‘ (or brown) varieties were, therefore, examined. The 
matei’ial of tlie gre^en variety was the Cb’cen Harlingtoii Windsor, 
and that of the white or brown variety was the Giant Windsor 
Bean (Wlute), both supplied by Messrs. Dickson of Belfast. In 
the Tables of Results given below square brackets [ ] indicate 
the data obtained for the white variety inhere these differ from 
the corresponding data for the green variety. Where the results 
were the same, as in most cases, a single letter or set of letters 
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is given without the uquare brackets. The use of ordiiiaiy )>rackotH 
indicates, as in previous chapters, that the reaction given in the 
brackets is not considered the normal one for that tissue. 

Seeds were examined after being soaked in neutral water 
overnight. Seeds were germinated on wot blotting pax>er an<i in 
soil, and examined. Plants were grown in pots of soil in an unheatod 
greenhouse with a southern aspect. 

METHOD 

All the tissues of at least two plants of each variety were 
examined at each stage. Three sections of oacli rogion were used 
for each indicator and these were examined according to tixo 
R. I. M. Comparable stages of development wore obtained by 
taking plants matmred to the extent of expanding one, two, 
three, etc., foliage leaves, the last stage examined being that of a 
maturely developed flowering plant. 



Fig. 18. Section across the iiitogumouts of the broad bonii. 

A. — outer layer, B — middle layer, O — huicr layer, Z) — iimermoHl laycT. 

RESULTS 

SEED. (Table I.) In the iingerminatccl soaked seo<l all the 
tissues of the embryo, except the cotyledons (pH 5-(J), and the 
dermatogen of the radicle (pH 4-4—4-0), are at pH .')-2—4-8. I’ho 
outer layer of the integuments is pH 4*4—4*0, the middle and 
innermost layers are pH 6*2—4*8, and the first inner layer of 
pH 6*6. There is obviously more differentiation in the seed coats 
than in the embryo. No difference was obsorve<l botwoeiv the 
reactions of the seeds of the two varieties when ungorminatod. 
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Table I 


SEED 

PLUMULE 

ROOT 

i 

iiNTEGUMENTS 

1 Epidennis 

Sub-Epidermis 

1 

i 

Pith 

Leaf Traces 

I 

tS 

Root Cap 

Boot Tip 

'f 

p 

Periblem 

Plerome 

Pro-Camb, Tiss. 

Outer Layer 

Middle Layer 

Inner Layer 

Innermost 

Layer 

Un germinated. 

e 

c 

e 

e 

---- 

e 

e 

e 

O 

h 

e 

e 

e 

c 

h 

e 

c 

o 

Germ’d in Soil 

e 

c 

o 

eh 

e 

e 

e 

e 

e 

h 

e 

e 

h 

0 

h 

e 

o 


Germ’d ouB.P. 

e 

c 

e 

h 

e 

e 

e 

e 

e 

h 

e 

e 

h 

0 

h 

0 

c 

h[e] 


Table II 











INTESGUMKNTS 

SEED¬ 

LING 

Radicle 

4om8.1ong 

Epidermis 

1 

MH 

W 

1 

x> 

1 

s 

Endodermis 

i 

Phloem 

-1 

Pith 

- 

Leaf-Traces 

1 Cotyledons 

1 

O 

Middle 

Inner 

Imiermost 

in Soil . 

C-(f)[oJ 

-LeJ 

oclo] 

c 

h 

e 

h 

ccLc] 

B 

B 

B 

e 

cLcl] 

h[cl 

on P, H.. 

c 

c 

c 

— 

h 

— 

— 

c 

B 

B 

i 

c 

C 

h[cl 



L. 

S. RADICLE 

T. S. RADIC5LE 

2 vms. from tip 

T. S- RADIC^LE 
near cotyledons 

Hadi<dc 

4 rniH, long 

Root Cap 

Root Tip 

Dermatogen 

Periblem 

Plerome 

Vase. Tiss. 

Hairs 

Pil. Layer 

Cortex 

Endodermis 

1 

Xylem 

Pith 

Pil. Layer 

0^ 

6 

1 Endodermis 

Ph 

B 

Ph 

Xylem 

S 

in Soil . . . 

h o 

e 

h 

e 

c* 

h 

o 

h 

ev 

e 

o 

li 

or 

ll 

cm; 

C‘ 

o 

C‘ 

h 

r o 

on B. P. . . 

o 

c 

h 

c 

c 

h 

e 

h 

o<* 

c 

c 

h 

ec 

ll 

o 

r 

o 

C‘ 

h 



TERMINATION. (Tables I—III.) The only changes which 
occurred in the embryo during the early stages of germination, 
uj> to the time when the radicle was about 4 cnis. long, wore 
increased acidity in the prooambial tissues of both plumule and 
ratlicle, from pH *5'2—4*8 to pH 4'4 — 4*0. The reaction of the 
cotyledons rose during the later seedling stages to pH 5-9 
(Table III). 
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Table III 


SEEDLING 

Plumule 

1 2‘5 cms. long 

i 


Fot'age 

Leaf 

Expanded 

••g'a'I 

fe W 

Ith FoJisge 
Leaf 

Expanded 

S) 

111 
i s 

VI 

I 1 

to M 

vn 

•B. 

1 

VIII 

Stap;eR 

IJ 

III 

IV 

V 

COTYDEDON 









T. S. Near Boot. - . 

O 

c 

u 

ole] 

a 

a 

a 

a 

INTEGUMENTS 









Layers — Outer . - . 

h 

hk 

hk 

h 

— 

— 

. — 

_ 

Middle . . 

0 

0 

0 

0 

— 

— 

— 

— 

Inner . . . 

G 

cLo] 

c[tl] 

c[d| 

— 

— 


— 

Innermost . 

hLeJ 

efhl 

h 

b[o] 

— 

— 

— 



INTEGUMENTS. There was an incruaso of acidity, from 
pH 5*2—4-8 to pH 4‘4—4*0, in the innermost layer of the inte¬ 
guments during the early stages of germination (Table I). The 
only differences observed, when the white variety was comparefl 
with the green variety, were lesser acidity in the innermost layers 
of the integuments after germination, white © instead of groe-n li. 
The reaction of the integuments was followed up to the period 
of the expansion of the third foliage leaf. The first inner layer 
{G, Fig. 18) tended to become more acid in both varieties; the 
middle layer remained constant (pH 5-2—4 8) tliroughout; and 
the innermost layer was recorded at all stages us h or e in bith 
varieties (Table III). 

SEEDLING. No significant difference was observed in tlu‘ 
tissue reactions of beans germinated in soil and those germinated 
on damp blotting paper; nor was any significant difference n(>i<'d 
in the tissue reactions of tlio green and white varieties in the 
later seedling stages, except in the cpid(»rmis of thc< s<,em and 
also a repetition of the c for ]i in the innermost layers of tlu* 
integuments (Table II). Apart from changes apparently coiiun- 
dent with lignification, the only noteworthy change in the later 
seedling stages of the embryo is the decreased acidity (c to a) of 
the cotyledons in both varieties after the expansion of the fourtli 
foliage leai. 
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TISSUES OE THE STEM. (Table IV) 

Throughout this investigation considerable variation was 
found in certain tissues from plant and from stage to stage of the 
growth; and it seems that the pH conditions in many of the 
tissues arc not so stable as those in the sunflower (op. ChapterXII). 

EPIDERMIS. In the seedling stages the epidermis was 
normally pH 5-6 in the green variety, but in the white and occa¬ 
sional plants of the former variety this tissue was more acid, pH 
5 * 2 — 4 * 8 . In the later stages the epidermis is mainly more acid 
near the tip (e) than lower down (c); the pH 6*6 persisting even 
below the surface of the soil, where the change seen in the sun¬ 
flower (p, 192) does not take place. 

SUB-EPIDERMIS. This tissue is normally similar to the 
epidermis in its reaction, except in the more mature stages of 
the middle region (half-way up) where it tends to be the same 
as the cortex and slightly less acid, a, than the epidermis, c. 

CORTEX. Except in the seedling stage and near the apex 
of the mature plant whore pH 5 * 2 —4*8 occurs, the cortex is 
gcMierally towanls the less acid si<lc, near the top at i>H 5*6 and 
elsewhere sliglitly more so jjH 5*9. 

CiOLLENCHYMA. Whore it occurs this tissue is normally 
of j)H 5*2— 4 * 8 . 

KNDODERMIS. Usually the endodonnis is also of pH 5*2 
io 4*8, but the observations for the middle region of the stem 
show a sorit's of erratic <‘hanges from stage to stage which reciuire 
further investigations. Soim* of the indicators <lo not react with 
certain stages of this tissue. 

PKItICYtUjI-']. This tissue is similar in reactitm to the eiulo- 
tlermis, but again in the mid<lle region of tlu* stem tluu'c are unex¬ 
plained variations. It shoidtl also be noted that in the iniddh* an<l 
low<‘r regions of t.ho stem lignification of tliis tissue sets in and the 
reaction of tlie wall becomes i)H 4*4—4*0. In the mature plant a 
few fibre's wc're found at the base of the stem, which ha<l very 
acid (k) walls. 

PHLOEM. The general reaction here also was pH 6*2—4*8, 
but in the lower part of the stem the sieve-tubes at all stages were 
more acid (jjH 4*4—4*0) than the rest of the phloem. 
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Table IV 


STEM 

1 

Sub- 

epidermis 

Cortex 

1 

1 

1 

rSi 

"P 

Phloem 

Sieve-Tubes 

Cambium 

Xylem 

.^4 

Stages 












as in Table 111 












I 

— 

— 

— 

— 

— 

_ 

_ 

— 

— 

— 

— 

S 11 

e 

0 

o 

0 

0 

0 

o 

— 

0 

h 

a 

Ap 

M 

e 

0 

c 

o 

0 

c 

do] 

— 

u 

h 

a 

S IV 

e[c] 

e[ol 

e[ac] 

o 

cLo] 

eLo] 

o[c] 

— 

oLoJ 

h 

Ola] 

1 V 

0 

6 

c 

0 

0 

c 

O 

— 

o 

h 

t‘L«J 

M VI 

6 

e 

0 

e 

0 

0 

o 

— 

c 

h 

a 

VII 

e 

e 

0 

e 

o 

e 

o 

— 

e 

h 

a 

VIII 

e 

e 

o 

e 

o 

0 

o 

— 

o 

h 

o 

I 

— 

— 

_ 

— 

— 

— 

— 

— 

— 

— 

_ 

11 

0 

e 

0 

— 

o 

0 

0 

— 

o 

h 

a 

i? 

0 

0 

a 

— 

aLoJ 

a[o] 

c 

— 

c 

h 

a 

^ IV 

eLo] 

e[oJ 

eLo] 

e 

e[o] 

0(0] 

oLc] 

— 

oLoJ 

h 

c[al 

s V 

0 

0 

a 

e 

0 

0 

C[oJ 

— 

oLcj 

h 

a 

3 VI 

c 

a 

a 

o 

d 

d 

d 

— 

— 

h 

a 

«5 VII 

c 

a 

a 

o 

d 

d 

d 

— 

— 

h 

a 

F-4 

fo)c 










h 

VIII 

a 

A 

c 

0 

hi 

(1 

_ 

__ 

h 












a iimc'r 

1 ^ 
uQ jj 

o(o) 

c 


— 

c 

o 

0 

ll 

.— 

h 

a(o) 

o 

0 

a 

— 

e 

c 

1 

e 

h 

'— 

h 

al<-l 

g 111 

0 

c 

a(<‘.) 

— 

e 

0 

D 

h 

(’i 

ll 

a 

IV 

dc] 

cfo] 

olaj 

— 

e 

o 

m 

h 

c. 

)i 

oIh) 

^ V 

e 

c 

u 

— 

e 

e 


h 

o 

h 

1 <' 

4 VI 

c 

c 

a 

— 

o 

c 

H 

ii 

, o 

h 

1 

; C. 

cd VII 

o 

0 


— 

e 

o 

0 

h 

1 o 

h 

C 

H VIII 

(e)o 

0 

_±_ 

— 

c 

hi 

d 

h 

c 

h 

a 

• I ^ 

e[c] 

elo] 

clc] 

— 

o 

o 

0 


— 

h 


J'i 

a 

a 

a[c] 

— 

c 

o 

e 

h 

o 

h 

11 

«:& III 

o 

c(a) 

c-LaJ 

— 

c 

c 

c 

h 

c 

h 

1 ‘'('O 

tS IV 

e[aj 

e[a] 

cLa] 

— 

o 

e 

e 

h 

e 

h 

i <«|al 

>1 V 

c 

c 

c 

— 

c 

e 

0 

]i 

c 

h 

(* 

05 VI 

o 

c 

c 

— 

e 

c 

o 

h 

0 

h 

a 

H VII 

c 

c 

o 

— 

e 

o 

0 

h 

o 

h 

a(cl 

VIII 

— 

— 

— 

— 

e 

e 

e 

h 

0 

h 

c 


1 ) wails. 
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OAMBIUM. Although Honxotimets of jjH 6‘6 iix the earlier 
fltaguH, the cambium in the later stagee has its reaction iix the 
lower range, pH 5*2—4*8, which is common for the tissues lying 
between it and the relatively alkaline cortex and epidermis of 
the mature stem. 

XYLiTfiM. As elsewhere (see Chapter X—XII) the lignified 
walls of the xylom are at pH 4* 4 ■ 4 *0 from the begi nn i ng of 
Kgnification, but the xylem parenchyma is similar to the cambium 
in its reaction. Iix the mature plant near the base of the stem a 
fow xylom fibres with very acid (k) walls were found. 

PITH. More acid (o or c) in the seedling stage, the jiith soon 
roaches a reaction of approximately pH 6*9 and remains in that 
range until maturity, except in the stem below ground where it 
varies to pH 5*6. In the mature plant, especially in the middle 
regioix of the stem, an outer more acid (lignified) layer can be 
differentiated from the relatively less acid central pith. 

TISSUES OF THE ROOT. (Table V) 

In general, the tissues of the root scorn to have a more stable 
hydrion concentration than some of the stem tissues. 

RADItJLK. The tissues hero are generally of pH 5’2 —4'8, 
but the xyleni walls in all stages, the dormatogen in the earliest 
stage t>f gernxination, and sometimes also the root-cap show a 
higher ticulity, jiH 4*4—4*0 (Tables I and II). 

ROOT. 

PI LI P’KKOUS LAYKR. This tissue is usually of pH .'>•2—4*8, 
but occasionally i>H 5*6. In certain stages of the old lateral ro(xts 
a lesser acidity, pH 5'9, was observed. Any differences shown by 
the white as comparctl with the green variety arc variations 
towards lesser acidity. 

EXODERMIS and CORTEX. At all or practically all stages 
the reaction of the se tissues is similar to that of the piliferous 
layer, jxH r)-2—4-8. 

ENDODERMIS. In the main root the endodemxis is uni¬ 
formly of pH 6'2—4’8, but some variations occur in the lateral 
roots; both c and a have been observed sporadically as the reac¬ 
tion ranges of the cell-contents in these rootlets. 
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Table V 


BOOT 

Stages 

i 

il 

3 os 

1 

s 

w 

4.1 

1 

1 

>a 

0^ 

! 

Phloem 

Sieve-Tubes 

1 

Pith 


1 

c 

c 

c 

O 

(’j 

0|C(i| 

_ - 

h 

<•{(*) 

a 

11 

o 

0 

(a) 

O 

0 

o 

li 
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o(oo| 

o 

dS 

111 

o(a) 

o(al 

ac[€^] 

o 

o 

(S 

h 

ll 

ac|o| 

5S 

IV 

cLc] 

ofe] 

oLcloJ 

o 

C‘ 

Vi 

h 

h 

<•[<11 

a 

o 

V 

O 

c 

e 

o 

0 

(* 

h 

h 

a 

Od 

VI 

— 

— 

— 

c 

e 

t‘ 

h 

h 

V 

GG 

VIT 

— 
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— 

c 

c 

o 

h 

h 

c 

H 

VIII 

— 

— 

c 

e 

t'i 

V 

h 

h 

a. 

.& 

II 

0 

(1 

cLcal 

o 

e 

o 

. - 

ll 

«(«0 

H 

III 

c[dj 

c|c] 

oCo] 

e 

o 

V 

— 

]| 

(* 

g 

IV 

eld] 

oLoJ 

cLdJ 

o 


(1 

• - 

h 

e|(l| 

tz; 

V 

c 

c 

<? 

c 

c 

t* 

li 

h 

«I<1| 


V[ 

— 

— 

— 

e 

0 

t‘ 

h 

h 

a. 

CG 

VII 

— 

— 

— 


c 

o 

h 

h 

a 

H 

VIII 

— 

— 

C 

o 


V 

h 

h 

a 

1^1 

II 


m 

B 

B 

■ 


HI 

HI 


iS “ 

III 

Hi 

IH 



B 


H 

H 


g 

OQ i 

IV 

Hi 



Hi 

Bi 


H 

H 


H S 

V 

HI 

IH 


Ball 

H 


H 

M 



11 

0 (c) 

a 

a. 

o 

Cl 

o(<) 


h 



III 

a 

a 

a 

<• 


o(<l) 

- 

h 

<•[<11 

^ od 

IV 

e[dj 

oloj 

cldl 

e 


ol<l| 


h 

<•[.11 

^ H 

V 

(5 

c 

c 

<5 


V 


ll 

V 


PERICYCLE. Tliiw liHBue, practically ilirougliouts haH tin*, 
common range, pH 5-2—4‘S. 

PHLOEM. The Hiovo-tuboH ,in all the lati'r Kt.agc‘<, allow 
a relatively high acidity, jiH 4*4—4’0. The ]>hl(>eni ]>areuchyina 
is less acid, pH 5*2— 4 - 8 . 

XYLEM. The walls of the vcasela thn^ughoui arc at pi I 
4’4—4*0 as usual, but the parenchyma ia similar in reaction to 
the pericycle or pith. 


1 ) walls. 
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PITH. Tho central parenchymatoiis tissue of the root, 
although sometimes rather acid, pH 6-2—4-8 in the very young 
stages, shows a general decrease in acidity to pH 5*6 or pH 5*9 
at all but the oarly stages. The region near the tip tends to be 
more regularly about pH 5*9, while higher up the main root and 
in tho middle region of the lateral roots the reaction varies to 
j>H 5*6 or oven lower to pH 6*2——4*8. Where the white variety 
differs it is usually more acid. 

TISSUES OP THE LEAP. (Table VI) 

UPPER EPIDERMIS. A variation in the same specimen 
from pH 5*6 to pH 4*8 is common but the reaction rarely varies 
boyoml that range. An exception occurs in tho apex of the apical 
leaflet where, in the mature plant, all the tissues arc around pH 5*9. 

LOWER EPIDERMIS. In the immature plants of the green 
variety tho lower epidermis is similar to the upper epidermis, 
but in the white variety the reaction reaches pH 5*9 at sporadic 
stages, and also normally in the mature plant of both varieties 
in the apex of the basal leaflet and in both base and apex of the 
apical leaflet. 

GUARD CELLS. As far as it could be determined, tho 
reaction of tho guard cells of the stomata did not differ markedly 
from that of the neighbouring epidermal colls. 

GLANDULAR HAIRS. Those occur on the lower surface 
of the lamina and oil the petiole. On the lamina the reaction of 
sueli hairs is usually pH .5*2—4*8, but on the petioles they are 
more a(ud, j)H 4*4—4*0. 

VASCULAR STRANDS. The xylem was again pH 4*4—4*0 
at all stages. The phloem at tho base of the leaf was more or less 
consistently of pH 5*2—4*8 in both varieties, but the reaction 
varied in the mature stage to pH 5*0 at the base of the basal 
leaflet and to pH 5*9 at the apex of the basal leaflet and at both 
base and apex of the apical leaflet. 

CHLORENCHYMA. The palisade and spongy assimilating 
tissues were so similar that they can be considered together. The 
general I'caction was around pH 5*9, and this was nearly constant 
in tlie lamina of the mature plant. The chlorenchyma of the 
Ijctiole and of the stipules at the mature stage showed slightly 
greater acidity, pH 5*0. The chlorenchyma in the younger stages 
was not BO constant in reaction, varying from cell to cell in the 
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Table VI 


LEAP 

Upper epidermis 

Palisade 

Tissue 

S’! 

Xylem 

Phloem 

Guard Cells 

Lower epidermis 

Hairs 


I 

1 

e(o) 

a 

a 

_ 

C 

e(e) 

o(o) 

e 


1 11 

ec[c] 

a 

a 

h 

c 

0 

fi 

— 


•< III 

efeol 

a 

a 

h 


c 

e 

0 

^ walls 

a IV 

o 

efcl 

e[c>] 

h 

eCc] 

er«] 

cM 

o 


V 

ed*- 

c 
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h 

ed^ 

0 

e 

e 

' walls 

VI 

IZ2 
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a 

a 

h 

e 

e 

o 

h 


H VTTT 

a 

a 

a 

— 

a 

a 

a 

— 

Ajk‘x of A|>u*al Loafl. 

V ili 

c 

a 

a 

— 

a 

a 

a 

— 

Apox of na^ul 
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same specimen and from stage to stage but keeping within the 
range pH 5-9 to pH 4-8. The reaction at the apex of the lamina 
was more regularly at pH 6-9 than it was at the base of the la¬ 
mina or in the petiole, while the stipular chlorenchyma very 
seldom rose above pH 6-6. 

XjEA^IEjS "FROlVf T)IFFERE3SrT LEVELS • On account of 
the natural green colour there is considerable difficulty in judging 
the colours given by the indicators in chlorench 3 nnatous tissues, 
so that all the above figures are given with some reserve. At the 
same time it was found possible to get some indication of a varia¬ 
tion in the reaction of leaves from different parts of the stem. 
Our observations support the conclusion that the actual acidity 
decreases as the stem is ascended, thus pH 5*2—4*8 appears to 
1)0 common in the chlorenchyma of the lower leaves, while pH 5-9 
occurs in that of the fifth and sixth leaves up the stem. As this 
distribution of the actual acidity is exactly the reverse of that 
obtained by Astruo (1903) for the titrimetric acidity due to 
“free and half-combined” acids in the expressed juice of Phaseolvs^ 
a careful re-investigation of this point is required before tlio 
conclusion can bo accepted. The distribution of acids was, however, 
found by that author to vary in other cases from morning to 
evening; and further, it is quite possible for the actual acidity 
of tlie unl)roken cell contents to vary inversely with the titri¬ 
metric acidity of the expressed juice when the buffer conditions 
ar(‘ also varying, as seems to be probable from the data given 
by Astuitc. The reverse variations found by Gustafson (1924a) 
h ould also be kept in mind in this connection. 

TISSUES OF THE FLOWER. (Table VJT) 

The reactions of these tissues were the same in both varieties, 
with the exception of one plant of the white variety whieh showed 
the following differences — c instead of e in the ej)idermis of 
the calyx and corolla, and h instead of e in the vascular tissue 
of the calyx. 

The only interesting changes during the maturing of the 
fk)W(‘rs were the decrease in acidity in the anthers, pH to 
])H 6*9, and in the pollen grains, pH 5*2—4*8 to pH 6*(). The 
mature ]>ollen grains, as in the sunflower (p. 191), sluwed a higher 
pH (6*0) than that of the stigma (pH 6*2—4*8). 
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Table VII. Flowers at all stages 
YOUNG PRIMORDTA, Glandular Hairs, Yoim« Polloii 


aJl 0. 


YOUNG STAMENS 
OLD 


V(3UNG CARPEL 


OLD CARPEL — 

YOUNG POD, 5 cmfl. — 

T. S. ditto — 


Pollen e. Anther e, Pilameut e. 
Pollen Anther a, (5onn<"<^tivo e. 
Filament ec, (k>n(hictinju; Ktraiuls e. 
Tube Region a, Epidc^rmal Walls d. 
Style, Kt4<nin, GlaiKlular Hnirn — all 
Ovary Wall o, Ooiidnetin#^ Strands h, 
OvuleH e. 

Style, Stij^ma, Hairs • e. 

VaROular tisHiie h, 

All other tissiu's o. 

VaHtailur tisHue h. 

Other tisfluoH o. 


COROLLA of Mature Flower. . . . 

Rase * 

A|)(‘x 

ITpper epidermis. 



MoRophyll. 

d 

dl<.l 

Vascular tissue. 

ii 


Lower epidermis. 



(.ALYX of Mature Flower (Rase) 



Epidermis. 

c|«*l 


Mesophyll .. 



Vascular tissue. 

o|hl 



CON(JLUSIONS 

General phenomena bearing upon the factors wdiitdi may 
influence the reaction of tissues during the growth of a plant 
have been discussed in connection with tlic* ])revious inv<‘sti- 
gation of the tissue reactions oiHelianthns uw/rw w»v(p.2(H). ^Phen^ 
is also available a useful discussion mainly on the xoologic^al 
side by Hbiss (1926). 

We do not propose at this stage to make a detailed <u>inparison 
of the tissue reactions of Vida faba and Helianthns annwus, 
rather would we emphasise firstly that there are fliffereiici^s an<l 
similarities, and secondly that detailed data of tissue rc^atdions 
are as yet available only from these two sj)ecies. Altogether it 
seems to us that it would be wiser not to discuss the Hignifi(*ane(‘ 
of such differences as are found until more data concerning tlie 
buffers of both forms are obtained. Tlicse are at tlio moment 
being investigated in. this laboratory, with interesting results. 
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It may, however, be convenient to summarise the more 
obvious points of contact between the results of the present 
investigation and the above-mentioned tissue-reactions of the 
sunflower. 

BEAN and SUNFLOWER. The cortex is Tisually of a some¬ 
what similar reaction in the two species, but in the bean there 
is no markedly acid epidermis such as is present in the sunflower. 
The stelar tissues in the stem show a general similarity, except 
in the endodermis and pericycle which are less acid in the sun¬ 
flower stem. In the root the cortex, endodermis, pericycle and 
pith are loss acid in the case of the bean than in the sunflower 
The increase in acidity, which was observed for several tissues 
of the sunflower in passing from the aerial to the subterranean 
parts of the axis, docs not appear in the broad bean. 

The reaction of the chlorenchyma of the leaf has been esti¬ 
mated, with reserve, as being slightly less acid in the bean than 
in the sunflower. In both plants there is a somewhat indefinite 
tendency for the lower epidermis of the leaf to be less acid than 
the upper epidermis. This phenomenon seems to be related to 
the part of the loaf or leaflet examined and a detailed investi¬ 
gation is required. 

In both species the mature pollen grains are less acid than 
tlic mature stigma. 

Those similarities and differences may be related to buffer 
eonditious rather than to any general inetaboluj conditions. 
It is yet too early to suggest any causes for the plienomcna w'lii<*h 
are being reeortled. 


SUMMARY 

I'he Range Indicator Method has been applied to a detailed 
study of the tissue reactions of the broad bean, Vida fnba, at 
various stages of <levelox3mont and throughout tlio seed, seedling 
and mature plant. The results are recorded, summarised and 
briefly compared with those obtained for the sunflower, Helianthus 
annuKS, 

3. THE BUFFERS OF BEAN STEM AND ROOT 

The data are presented below almost exactly as given hy 
Miss S. H. Martin (1927) because the buffer index point of 
view is considered in the last section of this chapter and it is 

ProtoplaBma-Monographien II: Small 1^ 
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desired here to maintain the historical seqiience in the development 
of the -work. 

INTRODUCTION 

The relation of pH to the physiology of plant and animal 
life has been dealt with in various treatises, where the importance 
of buffer action in controlling the normal life ])roeoHses has been 
emphasised especially for animal fluids. More recently similar 
considerations have been applied to the sap of ])lant cells, where 
it has been found that certain substances are present which act 
in the same manner as do the regulators of the normal reactions 
of animal tissues. 

Each buffer system has its own fixed range which d<q)cnds 
on the nature of the constituents, while the amount of buffer 
action depends not only on the nature of the constituents but 
on the relative concentrations of the reacting substances. 

Where two or more buffer systems occur together there will 
be complex interactions between the systems and these syshuus 
together will maintain the pH at what we may call its normal 
value. 

In succulent plants organic acids are formed, sonu'times in 
considerable quantities, and the amounts formed depend on 
several factors such as light, amount of carbohydrate pr(ts<nit, &c., 
and as the buffer value of the sap is dependent on th(‘ amount 
of acid and salts of acids present we see how external factors 
may indirectly affect the buffer value of the saj). 

In a few non-succulonts buffer elomcuts have also been shown 
to be effective within the normal i)H zones of the plant, tissues 
(Chapter XII). 

The results of Haas’ experiments (1920) with t.hc! expres.s(‘<l 
sap of Buckwheat and Clover suggest that Hom(' buff<‘r suhHl.anc*e 
or substances were active in controlling the rcae.tions of ilu'se 
plant saps within the pH regions in which the titrations w(*r(‘ 
carried out. 

The pH values of the tissues of Broad Bonn have n^ecuitly 
been recorded. These observations show a certain degree »)f 
variation which at times seems to bo rather spasmodic^, indi¬ 
cating that the buffer conditions in tho coll-saj) of tlio tissues 
of this plant may vary to some extent. 
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These changes in reaction of the sap of the tissues of Bean 
may be due to the presence of varying amounts or to the absence 
of certain chemical substances which are capable of exerting 
buffer action within their respective ranges. 

have present in a plant cell some substances 
capable of maintaining the reaction of the sap at a certain fixed 
point and, owing to metabolic activities within the cell, other 
substances are formed which can exert a buffer action within 
a different range either on the acid or on the alkaline side of 
the former pH range. Where these two ranges overlap there will 
be interactions between the systems which will tend to balance 
one another and the pH will assume an intermediate value, i. e. 
an equilibrium will be formed and as the relative amounts of the 
reacting substances of one or other of the opposed systems in¬ 
crease or decrease a new equilibrium will be formed and the pH 
value will be urged either towards the acid side or towards the 
alkaline side according to which system predominates. 

A number of standard buffer solutions are used for physio¬ 
logical purposes. Some of these are mixtures of salts of several 
organic acids which interact in such a way that a continuous 
buffer range, within wide limits, is obtained. Acrbb, Mellon, 
Avery and Slagle describe a stable single buffer solution which 
is effective between pH 1 and pH 12 (1921). At any point in this 
wide range one or other of the reacting systems predominates 
and controls the reaction, and any change in the proportions of 
the constituents of the solution produces a corresponding change 
in pH. 

The f(3llovving account gives a description of the exi)eriments 
(carried out in order to ascertain something of the buffer con¬ 
ditions within the expressed sap of Broad Bean, stem and root. 

Variations in the actual amounts of the buffer sul>stanees 
})restmt do occur. The j)ossible significance of these variations 
will be referred to later. 

PHOSPHATE BUFFER VALUES 

Using the same methods as have been describe<l in the case 
of Sunflower (p. 212) the expressed saps of Bean stem and root 
wore examined for phosphate content and buffer capacity. All 
buffer values are given in terms of molar jihosphoric acitl. Owing 

16 * 
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to the <I>>.rkftTiing of the expressed sap all pH and buffer deter¬ 
minations were carried out immediately after expressing the sap. 
The results of these analyses are given in tabular form. 

BEAN STEM 
Table VIII 


pH of 
sap 

c. c. Bap 

c.o.NaOH 

added 

pH after 
add. of 
alk. 

Buffer 

value 

HaPO* 

content 

Diff. lH*itwoeii 
buffer value 
aiwl HaP 04 





(content 

5-8 

2 

1-0 

0-4 

001412 

0-00(i0 

0-0072 

5-8 

2 

1-6 

0*« 

0 01423 

i)oom 

0-0073 

5-8 

2 

2-0 

6-8—6-6 

— 

0-0001) 

— 

6-8 

2 i 

2-4 

6-8 

0-0151 

0-0000 

0-(N)82 


Table IX 


6-8 

2 

0-5 

0-2 

0 0128 

0-0120 

0-0002 

6-8 

2 

1-0 

0-4 

00141 

0-0120 

0-0015 

6-8 

2 

1-6 

6-0 

0-0130 

0-0120 

0-0004 

5-8 

2 

2-0 

6-8—0-0 

— 

0-0120 

,— 

6-8 

2 

2-6 

0-8 

0-0157 

0-0120 

o-oo:u 


Table X 


6-8 

2 

0-3 

0-0 

0-0102 

0-0134 

0-00.58 

6-8 

2 

0-8 

0-2 

0-0200 

00134 

0-0072 

5-8 

2 

1-2 

0*4 

0-0108 

0-0134 

0-0004 

5-8 

2 

2-4 

0-0 

0-0213 

0-0134 

0-0070 

5-8 

2 

3-4 

0*8 

()<)214 

0-0134 

()-(M)80 

5-8 

1 

0-4 

0-2 

0-02()0 

0-0134 

0-(M)72 

5-8 

1 

O-lfi 

0-0 

0-0102 

0-0134 

()-0058 

6-8 

1 

0-7 

0-4 

0-0198 

0-0134 

0-0004 

6-8 

1 

1-2 

0-0 

(>•<1213 

0-0134 

0-0079 

6-8 

1 

1-7 

0-8 

0-0214 

0-0134 

0-0080 




Table 

XI 



6-8 

2 

0.25 

0-0 

0.0100 

0.0108 

0-0052 

5-8 

2 

0-05 

0-2 

0-0170 

00108 

0-0059 

5-8 

2 

0-8 

0*4—0-2 

— 

0-0108 

.— 

5-8 

1 

0-8 

6-6—0-4 

— 

0-0108 

— 

6-8 

1 

0-9 

60—6-4 

— 

0.0108 

— 

6-8 

1 

1-0 

C-6 

0-0178 

0-0108 

0-0070 
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Table XII 


pH of 
sap 


o.o.NaOH 

added 

pH after 
add. of 
alk. 

Buffer 

value 

H 3 PO 4 

content 

Diff. between 
buffer value 
andH 3 P 04 
content 

6-0 

2 

0-26 

6-8 

0-0162 

00128 

0-0034 

5-6 

2 

0-5 

6-0 

0-0161 

0-0128 

0-0033 

5-0 

2 

10 

0*4—6-2 

— 

0-0128 

— 

5-6 

2 

1-2 

6*4—6-2 

— 

0-0128 

— 

6-6 

2 

1-6 

6-4 

0-0185 

0-0128 

0-0067 

6-6 

1 

0-8 i 

6-4 

0-0185 

0-0128 

0-0057 

5-6 

1 

1-0 

6 - 8 — 6*6 

— 

0-0128 

— 

6-6 

1 

1-8 

6-8 

0-0206 

0*0128 

0*0078 


Table XIII 


6-0 

1 

0-4 

6-4r-6-2 

— 

0*0118 

— 

6-0 

1 

0*5 

6-4 

0-0181 

0*0118 

00063 

6-0 

1 

0-0 

6-6 

0-0189 

0*0118 

00071 


Table XIV 


6-0 

6-0 

6-0 

1 

1 

1 

0-2 

0*4 

0-5 

6-2 

6*4—0-2 
6-4 

0-0172 

0-0181 

0-0107 

0-0107 

0-0107 

0-0065 

0-0074 




Table 

XV 



6-0 1 

1 

0*4 

6-4 

00145 

0()0S>5 

0-0050 

6-0 

1 1 

0*5 

()-0—0-4 

— i 

()*<)oor> 

— 

6*0 ' 

' 1 

()*8 

(5*6 

0*0161 

o i)()or> j 

0 0()(>6 

6-0 

li ^ 

1*0 

6-8—6*6 

— 

()*()oor> 

—- 

()*0 

1 ^ 

1 1-2 

6*8 

0 0168 

0-0005 

0-0073 


Examination of Table VIll hIiowh that Home buffer substancio 
or HubatancoH other than the inorganic phosphates were present 
in the saj). Those substances were capable of buffering the sap, 
between pH 5-S and pH 6*4, to the extent of a 0-0072 M H 3 l ^04 
solution, and between pH 5-8 and pH 6-8 to the extent of a 
0-0082 M HjPO^ solution; also within the reaction zone 
pH 6-4—pH 6-8 there was an increased buffer value equal to that 
of a 0-0010 M phosphoric aoid solution. 

Table IX shows that between pH 5-8 and pH 6-4 the buffer 
value was higher than the inorganic phosphate content, the 
difference between buffer capacity and the actual phosphate 
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present being equal to a 0-0015 M j)hoKj)hate Holutioii. liotwecn 
pH 5-8 and pH 6-8 there was a difference in buffer value corre¬ 
sponding to a 0-0031 M phoHj)hatc solution, ^’he increase betwc‘.en 
pH 6-4 and pH 6 - 8 , therefore, corrospondotl to a 0-0016 JM phos- 
2 )hatc solution. 

■From Table X wo see that between pH 5-8 an<l pH 0-4 tlui 
expressed sap showed a buffer capacity which wais slightly more 
than 60 per cent, greater than that due to the amount of inorganic 
phosphate present. Between pH 6-0 and ]jH 6-4 we get. an increast^ 
of 0-0006 M, while between jiH 6-4 and 2 )H 6-8 there was a further 
increase from 0-0198 M to 0-0214 M giving a <lifference between 
pH 6-4 and pH 6-8 corresponding to that of a 0-0016 M phosphoric 
acid solution. 

Table XI. Between jiH 5-8 and pH ($-0 the differx-nce betwecui 
buffer value and H 3 PO 4 content equalled a 0-0052 M j)hoMphal.<» 
solution; between pH 5-8 and i^H 6-2 the differ(Mi(?<‘ was 0-005J) M. 
Between pH 5-8 and pH 6-6 the sa]) wtvs buffenid by substances 
other than the inorganic 2 )hos 2 >hates present, tio t.he <%xtx‘nt- of 
a 0-0070 M phosphoric acid sohitipn. Between pH (5-0 ami pH 6-6 
there was an increased buffer value corres 2 )on<ling to Hiat of a 
0*0018 M phosphoric acid solution. 

Similar considerations apply to I’ablcs Xll, XllI, XIV 
and XV. 

The above tabulated results of experiments with tin* (*xpn'ss<‘d 
saiJ of Bean stem show that, at all the reaxstion {>oints d(d.<‘rmim‘<l, 
the buffer capacity of the sai> was Iiigher than that- due- t.i> tlu' 
amounts of inorganic phosphates present. I’ln-. diffen-nees betw(-('n 
buffer value and inorganic i^hosphate content, varied from sampb- 
to sample of the sap. 

The reaction of the expressed saj) in most tiasc-s was ])H . 5 - 8 ; 
pH 6-6 was observed in one case and 2 )H 6-0 in a few east-s. 

The experiments wore carried out to an arbit.rary {‘iid-point. 
pH 6-8 in most cases. 

In all cases, on titration with standard alkali, t.h<‘ sai> ex¬ 
hibited a progressive increase in buffcir vahu!, with incr<‘»ising 
amounts of alkali added, from the original jjH of tin- expn-sst-d 
sap to reaction points in the direction of lesser acixlity. 

The increase of buffer value within the rtiaction point.K de¬ 
termined also varied from sample to sample as will bo seen from 
the following figures taken from the tables above. 
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BEAN STEM 
Table XVI 


pH Hap 

Jiuffer value 
botwecii 
5-8—6*4 

Buffer zone 

Increase of 
buffer value 

HjPO* 

content of sap 

58 

-0141 

64—0*8 

0 0010 M 

•0060 M 

5-8 

■0141 

6*4—6*8 

0*0016 M 

■0126 M 

5-8 

■0108 

6*4—6*8 

0*0016 M 

•0134 M 

5*6 

•0101 

6*4—6*8 

0*0021 M 

•0128 M 



Buffer value 
between 
6*0—()*4 




60 

0145 

6-4—6*8 

0*0023 M 

•0096 M 

60 

0181 

64—6*6 

0*0008 M 

•0118 M 

6() 

0181 

6-2—G-4 

0*0009 M 

•0107 M 

db 

— 

6 0—6-6 

0*0018 M 

•0108 M 



6-2—60 

0*0011 M 

•0108 M 


l^Voni this table wc see that the buffer value of the exprcHHed 
Hap })etweeu pH and pH 6‘4 varied from ()'014l M to 0‘OIBS M, 
and between (bO and pH (b4 from 0’0145 M to O'Olfil M. 

The increaHo in buffer cajiacity from pH G"4 to i)H 6’8 varied 
from O'OOlO M to 0*0023 M. 

The aetual amountH of inorganic ])ho8phateH i)resent in the 
Hap varied from 0*0069 M to 0*0134 M. 

BEAN ROOT 

In tlio root the inorganic ])hoHphate e«)ntent varied from 
0*0070 M to 0*0002 M. 

'^rho reaction of the expreasod aaj) waH Hometimea at pH 5*6, 
HometimcH at pH 6*8 and more often at pH 6*0. 

Owing to the necessary washing of the roots and the resulting 
dilution of the sap, buffer detorminationH and phosphate analyses 
cannot be directly compared with those of the stem. 

The results of four experiments with the expressed sap of 
Bean root are given below. 
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BEAN BOOT 
Table XVJI 


pH of 
sap 

0 40. sap 

c.o.NaOH 

added 

pH after 
add. of 
alk. 

Buffer 

vailue 

H 3 PO 4 

COIltt'Ut 

Diff- botw(H*n 
buffer value 
and 

eoni<‘nt 

tvS 

2 

0-2 

60 

0-0128 

0 O 002 

(HHm 

5-8 

2 


6-2 

0-0129 

(>- 0()!)2 

0 - 00:17 

6-8 

1 

0-5 

6-4 

0-0141 

00092 

0-0041) 


Table XVIII 


6-0 

1 

0-3 

6-4 

00109 

0 -00K2 

0-0027 

6-0 

2 

0-2 

6-2 

0-0086 

()<>0«2 

0-0004 

6-0 

2 

0-5 

6 -6—6-4 

— 

0-0082 

- - 

6-0 

2 

0-0 

6 -6—6-4 

— 

0-0082 


6-0 

2 

1-2 

6-6 

0-0124 

0-0082 

0-0042 


Table XIX 


6-6 

6-6 

6-6 

2 

2 

2 

0-4 

0-6 

0-8 

6-0 

6 - 2—60 

6-2 

00 103 

00147 

0-0079 

0-0079 

0-0079 

0 - 002 1 

()- 00 ()K 




Table 

XX 



6-0 

2 

0-2 

6-2 

0-0086 

0()088 1 

1 0 -( M )()2 

6-0 

1 

0-3 

6-4 

0-0109 

0-0088 

< 1-0021 


1 

0-5 

6-6 ~ 6-4 


0-0088 


6-0 

1 

1-0 

6-8 

001:17 

0-0088 

0 - 00 - 1 !) 

6-0 

1 

1-5 

7*0 

0*0157 

0-0088 

0 - 00 ( 5 !) 


Table XVIT. The sap in this ease had a l)uff(’ir value* 
than that due to the inorganic phosphates j)ri*sout. B(*tw<‘cii 
pH 5"8 and pH 6‘4 a buffer value corroH]>on(liii^ to that, of a 
0‘0049 M phoBphato solution was in exeess of that. <lu(‘ t.o t.li<‘ 
contained phosphate. Within the range jjH (5-0 — pH (5*4 tJi(M*e 
was an increased buffer capacity equivalent to that of a ()•<)()JVT 
phosphate solution. 

Table XVIIT. The reaction of this sap was pH (>-(). 

The addition of 0*2 c. c. NaOH 0’0()f> M shifted the reaction 
to pH 6“2 indicating a buffer value corresponding to that of a 
0*0086 M phosphate solution. 
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The phosphate content was 0-0082 M so that the contained 
inorganic phosphates accounted for somewhat less than the 
total buffer capacity, to the extent of a 0*0004 M solution. 

Between pH 6-2 and pH 6*6 there was an increased buffer 
value from 0*0086 M to 0 0124 M, i. e. 0*0038 M. Between pH 
6*0 and pH 6*6 there was a buffer value greater by 0*0042 M, 
than the amount of inorganic phosphates present. 

Tables XIX—XX show similar results. 

In the root as in the stem the buffer capacity of the expressed 
sap was higher than that of the contained inorganic phosphate. 
The buffer value showed progressive increase as the reaction 
was shifted, by the addition- of increasing amounts of alkali, 
in the direction of lessor acidity, i. e. towards pH 7-0, 

All the records given above show how necessary it is to state 
the range in which the buffer capacity is determined, as within 
different reaction points we may get a totally different value. 

IDENTIFICATION OF OTHER BUFFERS 

TESTS FOR MALIC ACID. — Preliminary qualitative 
tests for organic acids indicated the presence of malates in the 
sap of Bean. 

A quantity of sap was acidified with HCl in dilute solutum, 
and was then extracted with ether. To the ether extract noutra- 
Used witli NaOH, excess CaClg cone, was added and the resulting 
]>recipitate was filtered off. This filtrate was boiled and when 
CaCl 2 was again added there was no precipitate. To this filtrate 
hot absolute alcohol was added when traces of a jirccipitatc were 
found. On boiling the alcoholic solution a white precipitate of 
calcium malate was obtained. 

To test this prccij)itate, the calcium malate was dissolvcsd 
in lioi water and on addition of lead acetate a white precipitate 
was found. This precipitate was suspended in water and decom¬ 
posed by bubbling sulphuretted hydrogen through the solution. 
Tlie lead sulphide was then filtered off and the solution concen¬ 
trated on a water-bath. 

The concentrated solution was then tested for malic acid 
with )ff-naphthol-sulphuric acid and gave the characteristic colour 
reactions i. e. (1). greenish yellow colour, (2) bright yellow on 
heating, (3) bright orange solution on adding a little water. 
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MeaHured quautitieH of nap wcro then analyMcd for inalics 
acid content. 

Exiieriment 1. Uning 45 o. c. Hap, tJio weight of calcitim 
malate obtained wan *08 granunoK, whicli Ih equal to 1 *777 granimoH 
XJer litre. Therefore, tho malic acid conttmt w»u» 1*284 gratnniCH 
per litre of sap. 

Experiment JI. UHing 30 o. c. wap, tho calcium malate ob¬ 
tained was 1*733 grammes per litre which is e({uivalent to 1*352 
grammes of malic acid per litre. 

Experiment 111. Using (SO c. c. sap the weight of calcium 
malate determined was 2*125 grammes per litre. Tlu^ malic acid 
content was, therefore, 1*655 grammes i)er litre. 

Experiment IV. Using 20 o. o. sap the ealenum malate })reci- 
pitato weighed *035 grammes. This iH equal to 1*75 grammcH 
of calcium malate per litre; thorefore tho malic jusid conUmt. 
was 1*363 grammes per litre of sap. 

A malic acid solution containing 1 *(> grammes of malic acid 
per litre was prepared. This solution was acid to Methyl lied 
and was brought to pH 5*8 by tho addition to 10 c. c. of solution 
of 0*3 c. c. N. NaOH. 

The solution, now containing 1*553 grammes malic a<nd per 
litre, was tested for buffer value ]>otwoon tho rcatiticjn points 
pH 5*8 and pH 6*0. 

Tho addition of 0*2 c. c. NaOH 0*005 M shif(.<Ml tlu* reaction 
from pH 5*8 to pH 6*0; therefore, the buffer value of the malate^ 
solution in this narrow zone corresponded to that, of a 0*00256 
molar phosphate solution. 

As pH 6*0—pH 5*8 is near tho unbuffered zone, on t.hc 
alkaline side, for a malate buffer system, tho degree of buffei* 
action of such quantities of malic acid at more acid point-s will Ix' 
considerably greater. 

To test the buffer value of Bean Sap on the acid Hi<le of its 
normal reaotioir, standard acid (0*005 M hydrochloric*.) was addcxl. 
Tho addition of 0*3 c. c. HCl brought the reaction to j)H 5*4 while*. 
0*4 c. o. brought the reaction to i)H 5*2. 

This shift in reaction would bo caused by the addition of 
an equal amount of acid to a 0*0142 molar phuH])horic acid scjlution, 
and this gives the phosphate buffer value of tho Baj) between 
the reaction points pH 5*8 and pH 5*2. 
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Another portion of this sap sample gave a buffer value of 
0'()127 M between t)H 5’8 and pH 6’0 and 0*0128 M between 
pH 5*8 and pH 6*2, indicating a higher buffer value on the acid 
Bide than on the alkaline side. This higher buffer value on the 
acid Bulo of the normal reaction of the expressed sap will be ac¬ 
counted for, in part at least, by the presence of malates in the 
sax^* Other organic acids if present may contribute to the higher 
buffer value on the acid side of the normal reaction. Tests for 
other organic acids were carried out but with the exception of 
oxalic acid the presence of any of these was not detected. 

T RSTfcJ FOR OXALIC ACID. — A large quantity of expressed 
Hap of Boan stem was acidified with acetic acid and the following 
experiments were carried out. 

Experiment 1. The addition of calcium acetate to a portion 
of the acidified sap caused a white precipitate of needle crystals 
of calcium oxalate mixed with characteristic crystals of calcium 
Hulphate. After the addition of barium chloride (Zxmmbrmann 
1893) the calcium oxalate crystals remained unchanged and the 
calcium sulphate crystals became coated with a granular proci- 
jutato and finally broke up. 

Ex 2 >eriment //. The addition of lead acetate to another 
portkjii of acidified sap gave a white precipitate. 

Experhnent III. A portion of sap, acidified with acetic 
ac?id was extracted witli other. The other layer, containing tho 
organic*, acids in solution was separated off from the insoluble 
Bubstaucew. After evaporating off tho ether tho solution was 
neutralised with NaOH. The addition of calcium chloride (5 i)er 
<‘(uit. solution) to the neutral solution caused a white ]30wdcry 
])rccipitato which was insoluble in acetic acid and soluble in 
hydrochloric acid. 

In order to confirm the i)rcscnco of oxalate, calcium acetate 
w^ts added to a samidc of sap acidified with acetic aci<l. T"he 
resultant precipitate was filtered off and <lissolved in HCl and 
was then extracted with ether. On evajjorating off tho ether 
white crystals of calcium oxalate separated out. These were 
in tho form of crystalline masses which were soluble in HCl, 
soluble in HNO3, insoluble in KOH and insoluble in acetic acid. 

The calcium oxalate crystals obtained from a 45 c. c. sami>lc 
of saj) were filtered off and washed with water. The crystals 
were then dissolved; HgSO^ was added and the solution was 
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titrated at 60“ 0 with an — permanganate Holtition. 

— 1'9 grammes oxalic acid per litre of saj) wc»re OHtimai<«l, i. o. 
oxalates equivalent to a 0‘02ll M oxalic acid solution were present 
in the expressed sap. 

Portions of expressed sap were tested for oth<ir organic tuuds 
e. g. tartaric, citric, succinic etc., but the prosenoo of any of 
these was not detected. 

OTHER BUFFERS. — An oxalate buffer syst-em is capable 
of stabilising the reaction of a solution within the range jjH 3'0 
to pH 5-3. 

Malatos are csffootivo between pH 3'7 and pH O-O. Th<*se 
two systems together with the phosjjhates pn*.sent form a nnuilia- 
nism capable of buffering within a wide range but l>eyond pH 0*0 
in the direction of lessor acidity the iwosence of subsianees other 
than tho inorganic phosphates is necessary to ac<iount for i.h<? 
higher buffer value found by titration with alkali. 

Of the possible known systems which may supjilenumt the 
buffer value of the inorganic phosphates wo have prottiins and 
bicarbonates. 

PROTEIN AND AMINO-ACIDS. — The i>art i)lay(Ml by 
proteins has been dealt with by various autlkors including Hkiks 
andLoBB. Rbiss (1926) attaches considerable importance tioiluirolct 
of proteins and their hydrolytic products. According lo this 
author “Les substances prot^iques et lour produits <le (l<^gradat>ion 
rualisent les offets tamiJons les ]ilus consid<^rabl<'s”. 

Rbiss bases his coiisiderations mainly on observai.ions of 
animal tissues. In the cell saj) of plants protc'ins and amino- 
acids do not occur in such considerable ({uantitu'S as in animail 
fluids, e. g. muscle juice, and in oonsequen <!0 not much impor¬ 
tance has been attached to them so far as their value as bufAu's 
is concerned. 

According to a recent view (i>. 74) amino-acids an^ of much 
more importance biologically than has hitherto been nuiliscd. 
The ‘Zwitterions’, carrying positive and negative charges, ar<'! 
considered to be present, in amino-acid solutions, in appri^tiahh* 
quantities, and as ampholytes these Zwitterions if juosent in 
quantity may be capable of exerting a quite considerable buffer 
effect. 
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The acid and hasio dissociation constants for several amino- 
acids are given by Bjbhrum (see Ci^abk 1928). These are consi¬ 
derably higher than those given before, which means that pro¬ 
teins and amino-acids in a meditim more acid or less acid 
their iso-eleotrio points may exhibit much stronger basic or acidic 
properties than has usually been attributed to them. 

yor this reason these amphoteric substances may be respon¬ 
sible for some of the buffer capacity of the expressed sap of Bean, 
within the reaction points determined, on the alkaline side of 
pH 0 0. 

There is present in all parts of Broad Bean an amino-acid 
(dihydroxyphonylalanine) which, as it readily oxidises in air, 
is held to be responsible for the purplish black colour which occurs 
when the tissues are exposed to air. 

An attempt was made to discover the part played by any 
proteins ])resent in the sap, by precipitating the proteins by heat¬ 
ing and comparing the buffer value of the juice before and 
after removal of the proteins. The addition of trichloracetic 
acid to the cooled and filtered juice caused no precipitate showing 
that all the proteins had been removed by heating. 

The following comparison of the results from unheated, and 
licatcd and cooled juice are given with reserve, as the effects 
of heating the sap are complex, and may result in complete 
disturbance of the normal sap conditions. 

Among iiic jiossiblc effects of such heating are precipitation, 
along with tiic jiroteins, of traces of inorganic phosi)hate8 anti 
other Hubstances, driving off of COj from carbonate's and biear- 
bonates, oxidation of various substances, the formation of sub¬ 
stances more or less highly ilissociated, physical effects asso- 
ciatcHl with surface tension changes, and so on; all of which 
tdianges may alter the ]>H and may influence the buffer value 
of the extract. 

Details of two experiments with the sap of Bean stem anti 
one with the sap of Bean root, are given below. 

Experiment J. The expressed sap (unheated) had a reaction 
value of pH 6-0. The buffer value of this sap between pH C’O 
and i)H 6‘4 equalled that of 0*0181 molar phosphoric acid solution; 
between pH 6*0 and pH 0*6 that of a 0*0189 molar phosphoric 
acid solutiun. The inorganic phosphate content was 0*0118 M. 



254 


OHAPTER xrrr 


The filtered extract after heating and cooling, gave a pH 
value of 6*0 and the buffer capacity of this juice between jiH 6*0 
and pH 6*4 was 0*0181 M, and between pH 6*0 an<l ijH 6*6 was 
0*0189 M, so that neither the reaetion value nor the buffer capacity 
of the juice in this particular case had boon altered by boating. 
The inorganic phosphate content of the cooled extract was 
0*0121 M, i. e. 0*0003 M more than was obtained from the iinheatcd 
sap, so that the possible protein buffer value here may hav<* 
amoiinted to that of a 0*0003 molar ])hoBpboric acid solution. 

Experiments II and 111 are given in tabular form. 


Experiment II. Table XXI 

BEAN STEM — SAP UNBOILED 


pH of 
sap 

c. e. sap 

c. c. NaOH 
added 

pH after acid, 
of alkali 

value 

nal*<)4 

60 

1 

0-4 

6*4 

0-0145 

o-oot).'} 

60 

I 

0-8 

66 

0-0161 

0-0005 

60 

1 

1-2 

6-8 

0-0168 

0-0005 


BEAN STEM — SAP BOILED 


6-2 

1 

0-2 

6-4 

0 *(H2.') 

()-()08H 

6-2 

1 

0*5 

6-6 

O-OKki 

O-OOSK 

6-2 

1 

1-0 

6-8 

0*0166 

0-0088 

6'2 

1 

1*5 

7-0 

0-0178 

0-0088 


This table shows that the addition of 0*8 c. c. alkali to th<‘ 
expressed sap and to the protein free extract, both bnmght (o 
pH 6*4, shifted the reaction of each from jjH 6*4 to i»H 6 * 8 , iruli- 
cating equal buffer value in both oases, between tlH‘s<* |>(>iii 1 .s. 

The phosphate content of the filtered extract was l<)\v»‘r 
than that of the unheated sa]> and the reac<tion was 1 (‘sk acid. 

It is clear, from this exi)erimont, that some disturbaiu-e of 
the normal conditions had taken place. Thc^ dOg dissolved in tin- 
liquid as H 2 CO 3 or present in the form of carbonates and bi¬ 
carbonates may have been driven off by lieating, thus rendering 
the juice less acid; while the formation of acid groups, probably 
derived from the proteins and capable of buffering in this r<‘gion 
may have brought the buffer value up to the level of that, of tlu* 
unboiled sap. Some of the inorganic phosphates may havt» beem 
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precipitated along with the proteins. Other chemical and physical 
effects may also have intervened. 

These considerations show that although a casual comparison 
of the buffer values in the above tables, may lead one to believe 
that the buffer value of the protein free juice is lower than that 
of the expressed sap containing proteins, the real state of affairs 
may bo quite otherwise. 

Any comparison of buffer values must be of those within 
a definite fixed limit, since outside of this region the buffer values 
may be totally different. As the tables given above show, the 
bxiffer value between pH 6-0 and pH 6'8 does not correspond 
to that found between pH 6‘2 and pH 6*8. 


Experiment IJI. Table XXII 

BEAN ROOT — SAP UNBOILED 


pll of 


o, 0. NaOH 

pH after add. 

Buffer 

HsPO^ 

Hap 


added 

of alkali 

value 

content 

(i-0 

2 

0-2 

6*2 

0-0()8» 

0008S 

($-0 

1 

0-3 

0*4 

0*0100 

0*0088 

(SO 

1 

0*5 

(5(5—(5*4 

— 

0-0088 

(50 

1 

10 

6-8 

0 0137 

0-0088 

(5 0 

1 

1*5 

70 

00157 

0*0088 


BEAN ROOT — SAP BOILED 


(5-2 

O 

0*4 

(5*4 

0*0125 

0-0088 

(5-2 

1 

0-2 

(5*4 

(H)i2r> 

0-0088 

(5-2 

1 

0*5 

(5(5 

0*01,35 

0-0088 

(5-2 

1 

1*0 

70-(5’S 

— 

00088 

(5*2 

1 

1 2 

70 

00143 

0-0088 


(Comparison of the amounts of alkali required to i>roduoe 
a shift from pH 6-4 to pH 7*0 shows that the buffer value between 
those reaction points was higher in the case of the filtered extract 
than in that of the unboiled sap. The reaction of the boiled 
extract was less acid, but the phosphate content was unaltered. 

Other experiments with imheated, and heated, cooled and 
filtered sap of stem and root, gave similar results to those tabu¬ 
lated above. The filtered extract sometimes had a higher buffer 
value, while the pH was usually slightly less acid or unaltered. 
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The possible results of heating the sap are too complex for 
us to draw any definite conclusions from the above oxi^rimcnts. 

Within what pH regions, and to what extent j)lant proteins 
may contribute to the buffer value of the cell-sai), 1 do not venture 
to say; but in certain animal juices it is known that the colloidal 
proteins systems act as buffers within such reacji-ion zones tut have 
been determined for the expressed sap of lioan, and it may be 
that hero too proteins, or their <lorivatives, may have j>lay('!d a 
part in buffering the sap, within those reaction zones. 

The actual amount of tho protein which was precipitat<'<l 
by heating, was not dotermineil. 

BIOARBONATE-OARBONIC ACID SYRTKM. — (ionside- 
ration of the reactions of some of tho tissues of Boan, g. those 
of the cortex and pith, suggested that in those tissues carbonates, 
if present, might be responsible for some of tlio buffer a(d<ion 
exhibited by the expressed sap, wliich is a mixture of sups from 
the various tissues and probably consists mainly of saj) derived 
from cortex and pith. 

A bicarbonate-oarbonic acid system is capable of buffering 
on the alkaline side of pH 6'8. Beyond pH 5-H in the direction 
of greater acidity, any carbonate present in tho sap will exist as 
free acid, but beyond pH 5*8 in the direction of less<‘r acidii.y any 
oarlKinate present will form a bicarbonate-earbonie acid system, 
which will show feeble buffer activity at either mxl of its hufft'r 
zone, but will exhibit increasing buffer value as the rciacd.ion 
jirogresses towartls the point of maximum buff<*r iiapaeity for 
this system, at or near pH 7-<). If a bicarhonat<‘-carboni<‘ a(*id 
system is present in the expresswl sap of Bean we slioiild 
to find increasing buffer value as the titration of tlu' sap pro- 
coe<ls in the direction of pH 7-0. 

That this is indeed the ease has already been poiiitiHl out.. 
Tho expressed sap of Boan stem was tested for itarboiiai<‘ (u>nt'(‘ni.. 
To a measured quantity of sap in a burette a known voliinu* of 
a concentrated solution of tartaric aci<l was adde<l from aiiot.her 
burette. Bubbles of CO 2 were evolved. By adjusting the l<‘v<‘ls 
of the liquids in the two burettes the i>rossuro of the gas i.o Ik* 
analysed was brought to that of tho atmosphere. I'hc burett.<» 
was now attached to a gas analysis ajiparatus and a 

sample of the gas was analysed for COg content, by absorption 
of the COg in potash solution. All readings were taken at. room 
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temperature. Varying amounts of sap (8. c. c. —10 c. c.) were 
used for the analyses. 

The figures given are calculated as c. c. of carbon-dioxide 
per 100 c. c. of sap. 

Amounts of COg in c. c. calculated to 100 c. c. of sap were 
as follows: — 7“2, 4*0, 7*5, 7-3, 31, 73. 

The amount of COg present in the carbonate or bicarbonate 
form was not determined, so we cannot say to what extent a 
bicarbonate-carbonic acid system was present, but from the 
ainounts of COg driven off by the acid, it seems reasonable to 
conclude that such a buffer system was present in the expressed 
sa]), and that this bicarbonate system contributed to the degree 
of buffer action exhibited by the expressed sap, on the alkaline 
side of pH 6*8. 

All the results obtained by titration of the sap with alkali 
j)oint to the presence of such a buffer system. 

INTERACTION OF BUFFERS. — If we examine the buffer 
range of the substances, found in the expressed sap of Bean, 
which are known to be capable of exerting buffer action within 
their respective, ranges wo see how overla])ping systems may 
interact to stabilise tlio ])H of the sap within a wide region. Oxa¬ 
lates buffer between pH 3*0 and pH 5*3, nialates are effective 
between pH 3*7 and pH 0*0. From pH 3*7 to ])H 6*3 the ])H 
value’* inaintaiiHvl l)y tlie interactions (^f botli these systems will 
cU‘i)end on the r<‘laiive concentrations of the reacting substances. 
TIk** buffcM* 7 ii)ii(‘ for inorganic phosphates is [)H 6*2 to f)H S*0, 
so that tnalai.es and ])hosj>haies will iixteract to biifh^r tin* saj) 
between i)H 6*2 and pH 0*0. Where the inorgatue phosphate* 
Hyst<‘m corners into ac'tion at f)H 6*2 all or practically all the oxalic 
aend pr<\sinit will «‘xist. as ina(*t ivi' salt, e. g. e.altMUin oxalat^^ 
crystals of which o(*(Jur fre<juently iti plant (*(‘lls. Ih'yoncl pH 
.6*S a bit^arbonate sysUun is effective, so that. wh(n*e inalates i*east‘. 
to hav<s any buffer value, bicarbonates begin to exert their iii- 
fliuMKiO an<l the pH of the saj> will be controlled by inorganic 
})liosp}iates and bicarbonatos. 

Proteins and their derivatives, and ]>ossibIy other siibstan(*(‘s, 
UTidt^r pr<>p(*r (tonclitions, may also play a pai*t. 

Haas (1020) gives a record of one plant with sap on the 
alkaline si<lc^ of pH 7*0. The juice from the tojts of sweet clover 
had a redaction of aj>proxiinatcly pH 7*3, and cont.aine<l about 

1 7 

ProloplaHina-MonojfrHpliion 11: Small ^ ' 
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60 per cent, more CO^ than that of medium white clover, the 
sap of which was of pH 6*0. 

Consideration of the results of the titration of Beau sap 
and comparison of these results with those of otlu'^r workers 
using various plants, seem to indicate that in plant (iolls with 
sap reactions normally on the alkaline side of pH 0*0 bicarbonate 
if present, may alone or in conjunction with other systems maintain 
constant the relatively low degree of acidity. 

CARBON DIOXIDE EFFECTS. — All records of th<^ pH 
of cell contents show that in very few plant colls is there a n^acjtion 
value higher than pH 0*2, so that under normal conditions most, 
plant cells are not buffered by a bicarbonate system whi<*li at 
pH 6-0 can exert only very feeble buffer action. At more ac.id 
points this system disappears and one of its prodiutts, i. e, CO^, 
may not only produce shifts in reaction but in tlu^ living plant 
may enter into combination with other substances to form organi<* 
compounds, e. g. organic acids which are cai)able of rendering 
the sap more acid and of maintaining the acridity at thc'» low<^r 
pH value. 

As has already been pointed out variations in the pH of t lx* 
cell contents of the tissues of Bean “from i)lant t.o plant, and 
from stage to stage of the growth” flo occur (f). 2;W). Tlx*s<' va¬ 
riations may be accounted for by the prcH<ux*(* or absen<?(* of on<* 
or more buffer substances, o. g. oxalaU^s, malal<*s, itx>rgani<* 
phosphates, bicarbonates &c., which ocxuir in variables amounts 
in the expressed sap and presumably also vary in amount, in tlx* 
individual cells of this jdant. 

The disadvantages of using expressed sap have* l)<*<*n point(*d 
out in Part II. It is possible and indeed cxtn*nx*ly probabU* 
that substances not in contact with each ot.lx*r in tlx* living 
cell, may be brought into contact during tlx^ (‘xtraet ion of tJx* sap. 

Comparison of the buffer conditions within tlx* <*(*11 sap of 
each tissue of the Bean would be an interesting study, if it. \v(*r<* 
possible to obtain sap from each tissue separately, and in suffi¬ 
cient quantity for analysis. 

In all exj)eriments with exjnt^Hsed saj) the es<*.a]K* of earbon- 
dioxide will be a source of error, especially where a hie,arhonat<* 
system is present, as the bicarbonate-car bon ie. acid rat.io in t.lx* 
uninjured cell may differ from that whie.h will result, when tlx* 
carbon-dioxide content forms an equilibrium with the air. 
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A phosphate solution containing a 0*1 gramme molecule 
of KH 2 PO 4 and a 0-1 gramme molecule of K 2 HPO 4 per litre 
was prepared. This solution was of 0*2 M concentration and the 
reaction was of pH 6 * 6 . The addition of 0*5 c. c. N HCl shifted 
the reaction to pH 5*8; 0*6 c. c. N HCl brought the pH from 6*6 
to 6 * 6 . The phosphate solution was now approximately 0*19 
molar. This 0*19 molar phosphate solution was brought into 
contact with COg gas as in previous experiments with Sunflower 
sap (p. 216). 

The following shifts in reaction were obtained. — 


Table XXIII 


Reactions of a 0-19 M. 

Phosphate solution in contact with varying 
percentages of CDs. 

7 o GO, 

0 

20 

30 

40 

50 

90 

90 

pH 

6*6 

6*6 

6*4 

6*4 

5*4 

5*4 

6-4—6-2 

7o GO, 

0 30 

40 

50 

60 

70 

80 


pH 


5*8 

6 *8—5*6 

5*8—5*0 

5*6 

jEmm 



Previous to the addition of any hydrochloric acid 96 per cent. 
(JO 2 shifted the reaction of the *2 M phosphate solution from 
pH 6*6 to pH 6*4—6*2. 

The expressed saji of Bean stem was then tested for CO 2 
effects in a similar manner (Table XXIV). 

Table XXIV 

RoiiftioMH of th«‘ Saj) of Beim Stom with incroasinj^ 

p<‘r(‘i‘ntact's of 

7o<H)a O 5 10 20 30 40 50 00 70 SO 00 

'])H 5*8 5 6—5’4 5*4 5*2 5 2--5*0 50—4*8 4 8 4*8 4*8 4*S 4*8 


The buffer value of a sample of this saj> was 0-017 JM between 
1 )H 5*8 and pH 6*4. The H 3 PO 4 content was 0*()U)3 M. Between 
pH 6-2 and pH 6*4 there was an increase of buffer value ecpial 
to that of a 0*002 molar phosphate solution. A x>hos]diato solution 
of one-tenth the previous concentration was, therefore, prei)ared 
and tested with carbon dioxide as before (Table XXV). 

17 * 
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Table XXV 

" ■ ' P' '" ■ --— 

Reactions of a 0-019 molar phosphate solution with incrctising 
percentages of (iO,. 

pH 0 6 9 10 20 30 40 50 (SO 70 80 90 

p^^5-(8 5-6 5-4—5-2 5-2 6-0—4-8 4 8 4-8—4-(S 4-Ts"4Ts 4-o '4-(S 4-<S-4^4 

The COj effect was slightly greater on this we»ak phoH|)l)ate 
solution than on the sap of Bean. This is wliat wc should i^xpoci 
because of the greater complexity of the buffer condhiions within 
the sap. 

Even with the more concentrated jdiosphate solution carbon- 
dioxide in percentages above 30 produces shifts in reaction, 
while with phosphate content approximately C(|ual t.o or slightly 
higher than actually found in Bean percentage's of (X)^ from 
5 per cent, upwards produce such shifts as are tabulaUMl abovt\ 

SUMMARY 

The inorganic phosphate content of the expressed sap of 
Broad Bean, stem and root, was detormincnl by EiMU dun’s nuttliod. 
The buffer value of the expressed sap was determined by titration 
with standard alkali and the results so obtained were calculal 4 ‘d 
in terms of molar phosphoric ackl. 

Stem and root sap exhibited similar phenomena: — (I) vari¬ 
ability of the amounts of inorganic x>hosphatcs ])r(^s(>ni; ( 2 ) vari¬ 
ations in the amounts of buffer action; ( 3 ) at all the r<'aetion 
points determined the sap of the sttun or of tlu^ root, cxhibit(‘d 
a higher buffer capacity than that due to the contained inorganic 
phosphate; and (4) in all cases the buffer value of tin* sap in¬ 
creased as titration x^roceeded towards an arbitrary tmd j>oint., 
which was pH 0'8 in most cases; (5) the differences b<‘twe(*n 
H 3 PO 4 content and buffer values, at the various reacd.ion x>oin(s 
determined, apparently bore no definite relation to ilu^ a<d.ual 
amounts of inorganic ])hosphates in solution in the cell-sap. 

Preliminary cxualitativo tests for organic acids indicat'd th<t 
presence of oxalates and malatcs in the sax>. 

The oxalic acid was precipitated as calcium oxnla(.c an<l 
estimated quantitatively by titration with standard xatrinanganatt^ 
solution. The presence of 1*9 grammes oxalic acid ])t‘r litre of 
sap was determined. 
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Tbie malic acid was determined gravimetrically, the acid 
being precipitated aa calcium malate. Varying quantities, from 
1'733 to 2*125 grammes of calcium malate per litre of sap, were 
obtained. A malate solution containing 1-563 grammes of malic 
acid per litre had a buffer capacity, between pH 5*8 and pH 6*0; 
corresponding to that of a 0*00256 M phosphoric acid solution. 

On the acid side (pH 6*8 to pH 5*2) of its normal reaction 
the sap of Bean stem exhibited a higher buffer value than on its 
alkaline side, (pH 5*8 to pH 6*2) to the extent of a 0*0016 M phos¬ 
phoric acid solution. 

Oxalatos act as buffers within the reaction range pH 3*0 to 
pH 5*3. Malatea buffer between pH 3*7 and pH 6*0. Inorganic 
l>hosphates arc effective as buffers from pH 6*2 to pH 8*0. 

Titration with alkali indicated the x^resence of some system, 
other than the phosphate, capable of stabilising the reaction of 
the saj) on the alkaline side of pH 6*0. 

The possible effects of proteins and their derivatives, in this 
region, are considered. 

The addition of a concentrated solution of tartaric, acid to 
the saj) caused evolution of bubbles of COg* indicating the x>resencc 
of carbonates in the sap. 

The amounts of carbon-dioxide obtained, at room tempe¬ 
rature and at atmospheric pressure, varied from 3 c. c. to 7*5 c. o. 
per 100 c. c. sap. 

A bicarbonate-carbonic acud system buffers from approxi¬ 
mately x>H 5*8, to a reaction alkaline side of 

pH 7*0. 

B(\yoii<I pH 5*8 in tlio more acid direction any carbonates 
pr<‘s<‘n1. will (‘xist as free aci<l and as su(*h may produce comx»a- 
rativ(dy large shifts in reaction, ainl may also in the living e(dl 
take [>art in the formation of organic substances whLcli may alter 
the buffer value of the sap. 

In contact with of concent rat ions ranging from 5 per cent 
to 50 j)er ecuit, the reaction of the exx^ressod sa}> of Bean was 
shifted by imueasing amounts; 50 cent lirought the 

reaction from pH 5 8 to pH 4*8. Increasing j)ercentages of acid 
gas gave no further shift in jiH value. 

The effect of CO 2 on a 0*019 molar x)bosphatc solution was 
determined. The reaction was shifted slightly more than in the 
case of the expressed sap owing probably to the greater com- 
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plexity of tho comlitions within the Hap; 50 per cent (JO^ luovctcl 
the reaction from pH 5-6 to pH 4-6, while 00 })er cent produeod 
a very slightly greater shift to pH 4*6—-4*4. W^ith Htronger phos¬ 
phate solution, 00 per cent OOg altered tho pH figure of a 0*10 M 
phosphate solution from pH 5*6 to i)H 6*4 so that even with this 
more concentrated phosphate solution ClOg pnxlueed Home (dfeoi. 

It is necessary to remember that the state of affairs, Incthiding 
buffer eonditions, the physical and chemical Hi-ates of niimerouH 
substances &c., may bo oven more complex within the living 
cell than in the oxpressetl sap. Unfortunately, inv(v<tigation 
of such phenomena oh buffer action in tho living <!ell is not pos¬ 
sible as yet. 

This is the work as presented by Miss Maktin wiithoui> the 
use of the Buffer Index. Tho Broad Bean, as may be seen from 
the above, presents a much more complex buffer i>robIein tliari 
did the sunflower. Vicia faba shows }>robably a oloHcr ap[)roa(‘.h 
to normal buffer eonditions than tho sunflower, but the low bufft*r 
values are still noteworthy in comparisoii with animal flui<lH, 
and carbon dioxide is still an active dotormiiung facd^or in the 
natural reaction range of pH 6—6*2. The inalate ami oxaIa(>e 
buffering is probably responsible for the abHonco of atudifii-ation 
in the under-ground parts of the Htom in thc» Ixxin. 

The buffer Hystems identific<l are |)hoHphaU‘H, <‘.arboMie- 
aoid-bicarbonate, malic-acid-malate, and oxalic-aeid-oxalatt*. 

3. BUFFER INDEXES IN VICIA FABA 

In the presence of only one buffer system, as in ilu^ .sunflower, 
the use of buffer values in terms of tho cliangi* of t he rat io of t he 
two components of tho single buffer systtun is <jui<.<* h'gitiinatc^ 
and presents the phenomena quite clearly. In the jn-t'siMiee. of 
more than one buffer system it is extremely difficult to pi*<*seTit. 
the phenomena clearly other than as a seruw of Buffer ImU'.x 
curves. Miss Martin was able to indieaU* oilier systems, in 
addition to the phosphate system, wliieli buffer in tlu^ stem juice 
of VicAa faba-, but tho interactions are loo comjilex to be dcscriiied 
adequately without a scries of actual curves. 

Nevertheless, she determined quantitatively tho extent to 
which all these systems axe present. If tho data in Table X be 
taken for a buffer index curve of the juice from tho stem, we got 
three points on a curve. A fourth point can be obtained by cal- 
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culatioii from the acid-titration data given on p. 250. The Buffer 
Index curve for the stem juice is given in figure 19. The phos¬ 
phate content of the same juice was -0134 M. The average values 
for the other systems can be calculated from the data given 
(pp. 260—261) and are — Malate *011 M; Oxalate *021 M; 
Bicarbonate *005 M. 



The Buffer Index curves for all four systems when present 
ill these concentrations are given separately in figme 19. Phos- 
])hates are given for 0-2 changes of pH, the others arci given for 
1-0 changes of |)H so that the last three curves are somewhat 
flatt(Mied as compared with the phosphate curve. This error 
of grouping ]>revents an accurate* analysis of the curve's, hut. it 
will he readily seen that, in the range of the curve for the juice 
(l>H ryTi to pH 6'S), the malate and oxalate exert a very small 
degree of buffering. On the other hand, both j)liosphate an<l 
bicarbonate rise as does the value for the juice and both pass 
nearly to zero at the left entls of the curves, h'urther, if the buffer 
iiulexes of the systems known to bo jiresent are added togt'ther 
we get a curve which is similar to that for the juice, not only 
(pialitatively in form and position on the pH scale, but within 
limits quantitatively. The figures are of the same order of magnitude 
but those of the “added buffers” arc higher alongthewhole length. 
The difference, which is rather large around pH 5*5, diminishes 
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to about 40% around pH 0-0 aiul to aljout. 2% around |)H (r<S. 
Considering the errors of grouj)ing and the ex])crirn(uit.al (UTors 
with minute })reci])itatcs and with small (juantith^s of ''base', 
added’’ the agreement is reasonably satisfactory. The i)lu)S[)hat(i 
values and tlie phos])liato curve can 1)C taken as reasonably ac¬ 
curate. The i)hosphate system is, therefore, (^k^arly tlu^ main 
buffer system in the stem juice of tlie l)road bt^an bcitwc^eri [>11 5*5 
and ])H 0-8, Tlie divergence of the curve for the jiii(^e, from tlui 
phosphate curve, cannot bo accountc^d for by ihc e-arbonui-aead- 
bicarbonato system being present in the sample of ''liable; X in 
Hinallor than the average concentration obtaimMl for oiTuu* sam))l(‘s 
of juice. The malatc and oxalate systems would come into <>p<u'a- 
tion to an increasing extent })elow pH 0*0 and tlu'- (‘-one-tmiratJon 
of these acids in the different sam])les was found to vary; a. r<^- 
duction of the malate and oxalate coneentrat.ions to oiu^-half 
of the values given would result in a very (•-losc'i agriHMtu'ni (siH'. 
dotted lino in figure H)). It should now Ix^ obvious why sut‘h 
stress was laid in Chai)tor IX upon the rcMX)rding of tln^ (puint-i- 
tativo data necessary for the calculation of Bufhu* Ind<\\ eurve^s. 
By the use of those curves the complexiiy is madt' clear and 
comprehension of the jdienomena follows nat-virally. 

The ‘‘iso-eloctric” form of this series of cau*v(‘S is (Iisc*uss(‘(l 
in C'haptor XIX, and a better stdieme foi* (pianld al iv(' d(‘t<‘r- 
minatioii of organic acids is given in Apjxmdix II. 



CHAPTER XIV 

THE POTATO — (SOLANUM TUBEROSUM) 
TISSUE REACTIONS AND BUFFERS 

Tlu'. tuber of the j)otato plant has entered aR material into 
many investigations. 

WA(iNER (1916) records pH 5*9 for the extracted tu})er 
juice, witli a rise to pH 6*0 followed by a decrease to pH 5*7—5*3 
on infection with Bacillus phytophthorus, Weiss and Hahvev 
(1921) give H-clcctrodc data (residual pH values as usual) for 
cpiito a number of varieties, using expressed jiiic^e of tuhc'rs. 
These values range from pH ()*()7 to pH 6*17 for normal plants 
and ])H 6*11 to i)H 5*90 for i)lants infected with Bacillus tmiic- 
faciens. 

Stokeasa (1924) gives 2 )H 7*0 for tlie }>ressed juice of })otato 
roots PearsaIjL and Kwin(} (1924) give })H 5*4—5*6 for expressed 
taber juice, ]>assing to pH 6*2 after filtration. Youdejn and Denny" 
(1926) give 2 >H 6*10 for tuber juice and 2 >H (>*41 for a water extract 
of the tissue. 

HEii,KiA)TH (1924) re<*ords a vodiu' ladwcaai pH 3 and pH 4 
for tfi<‘ sid)(*rin bloc'k of woiuhIcmI tidxu's Working on wound 
rtNU'l ions, lllCKKUO'rs (ihal ) found tlial bufF(‘r(Ml sohitions or 
jelli('!S of pH 4*2^—7*0 \v(U‘(' toxic* t-o t Ih‘ gcnuu-al tissue*, wink* pH 
value's above ])H 7*0 gavt^ no killing of the tissue'. Alkalinity 
(from pH 7*5) was found le) lu’oinolt' sulierisation and re'lai’d 
ineristem activdiy; while acidity (down to 2 >H 4*()) was found 
tcj meristeni activity and tej retard suberisatiun. Acetate' 

buffers wore e^xcex^tionally toxic. 

kSamuel. (1927), without giving actual figures, states that a 
])H map of the potato tuber could readily be made out, tlu' 
vascular circle and the ti^) being most acid. He used a miero- 
sj^ear with solid quinhydrono and the wound-effects of this 
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method would appear to bo coiiHidcrablo, hco below under “'Wound 
Carbon Dioxide”. 

Considering the methods iisod, a hydrion coneerd.ration in 
the range pH 5-6—6*2 seems iiulicated ft)r the expressed tuber 
juice of potato, the variations being duo to variation in mani¬ 
pulation rather than to natural variations of the tissue in its 
living condition. 


1. TISSUE REACTIONS 

These have hcen investigated by the writer (tHo/o). All ih’iter- 
ininations have been made, using the improved R. I.M. teeh- 
nique, on the resting tuber (var. British Queen) and on iub(u*s 
sprouted in pots during the winter in a heated greenhouse. A(| ueoiis 
indicator solutions (except BAN) maintained in an aeeuratoly 
balanced condition were used. 

a) MACROSCOPIC OBSERVATIONS 

When a clean tuber was cut across, the following iiulieator 
colours were obtained on the freshly c\it surface — BTB ytdlow; 
BOP yellow becoming pale purple externally only; DER pink 
becoming yellow; MR pinkish orange becoming yellow. This 
flushing pink seemed to indicate the ])aHHing away of c.arbori 
dioxide. 

WouTid Carbopi Dioxide, — The production of an evaiu'secMit 
excess of carbon dioxide over the normal (tOjj coniK’sni, when 
the tuber tissue is injured, can be domonstraU^.d easily by (1) floo- 
ding the freshly cut surface with DERorMR, (2) allowing Uu’! 
pink flush to pass away, and (3) drawing the hack of a penknib's 
hard across the now yellow surface. A livid red streak appe^ars 
along each cut, indicating a pH <5-2 with MR. That this is due^ 
to a volatile aeid is shown by the gra<lual diHappearan<‘e of t.he 
rod colour and a return to yellow. Wound carbon <lioxid<% is Mnis 
indicated, as increasing the [H‘| of the fluid of the crusluMl tissiu^ 
to pH \/5*2. 

Cutting and Injury, — An elegant distin(?tion may he rnad('» 
between cutting oj^on one layer of cells and injury by crushing, 
using BCP and DER. The cut surface flooded with DER he(*-oincs 
gradually yellow (pH >6-9), with BCP it becomes clearly pale 
purple on the surface (pH >6*2), but yellow immediately below 
the surface (pH <6*9). If now a razor edge be drawn very gently 
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aci’oHH tho DEli yellow there is no change, no reddening; hut 
similar treatment of tho BOP pale purple sturface gives a fina 
line of yellow, returning to pale purple within less than a minute. 
A <leepor out with the razor gives again a yellowing with BOP, 
but also a reddening with DER, 

The cutting open of one layer of cells allows sap (with CO 2 ) 
at pH 5-9 ea. to escape, yellowing the BOP but not reddening 
tho DER. Injiiry, on tho other hand, by a deeper out or a crushing 
of tho cells, results in tho production of wound carbon dioxide 
in such concentration that tho reaction is swung below pH 6*2. 
Tho concentration of carbon dioxide required for this change 
is comparatively large, aboiit 20—4-0%, see p. 289, but this 
is not much above tho maximum intercellular carbon dioxide 
content found by Magnoss (p. 331). 

The Effeci of Sectioning. — These observations would suggest 
that tho effects of taking a section of living plant material are — 
(1) an evanescent wound reaction, giving wound carbon dioxide 
in quantity; (2) the passing away of the consequential increase 
in [H-] with a return of the living tissue apparently to normal; 
and (3) that, if a sharp razor be used with care to avoid crushing 
of tho colls as distinct from sectioning, this wound reaction can 
bo taken as ])assing away within at most 2—5 minutes after tho 
sectioning. Cionsidor, however, the effect produced by crushing 
tho tissues to express tho juice. The subsequent reaction might 
well vary from ])H <5*2 to pH 6'2 according to tho degree to 
which th(5 wound carbon dioxide was removed during the mani- 
]>uTation of the juice. This crushing effect explains the variation 
from pH 5*4 initially to ])H 6-2 after filtration which was found 
by Pbarsall and EwiNcn 

Tho effect of sectioning can be studied inacroscopic^ally, 
using transverse sections of the nii<ldle region of young shoots. 
If the sections be taken and placed immediately in aqueous 
diethyl red, the whole section becomes rosy i)ink. This pink in 
a minute or two passes away leaving the sections mainly yellow 
with a pink epidermal margin. The sections may be left for at 
least four hours in a watch glass of HER solution and still remain 
yellow. They also remain a general yellow if placed upon a glass 
slide and kept covered with HER solution; but if a cover-slip 
bo placed over the section a general pink colour appears all 
through tho section within five or ten minutes, and the indicator 
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ill tho immediate iioighbourhood of tlio Hoctioii may also be affoeicid. 
The Hame acidification on mounting a Hcction under a cover-glaHH 
may l)o noted with BCP. 

Since this acidification ih rovorHcd, the pink DF-SIl or yellow 
B(1P reverting to yellow DER and l)urple BdP, when tho 

cover-ghbHH ia removeda it HOCinH probable that we are here dealing 
with tho normal carbon dioxide production of renpiring non- 
green colla, rather than with an injury effect- If the e.over-Hlip 
bo proHsod down on tho rtoction ho that the lai.ter in H(]uaHh(M] then^ 
iH, of oourHo, injury accomiDanied by acidifie.ation which piiHHCH 
away but thia acidification cannot bo rejieakid tin it e*an with a 
non-inj ured section. 

Those observatioiiH indicate tliat one effect of scu^tioning 
may be to allow the roHpiratory carbon dioxide to diffiiHc^. away 
more readily than it dooH in tho whole tiHsue, in which ainc many 
of the H. I- M, rocordrt of A and a rangCH may represent, c in tih<5 
natural living tissue. In any oaao thoHO observations demonst rate 
that respiratory carbon dioxide cannot be neglected in a <?riti(^al 
consideration of tho internal j)H of living colls, especially those 
which have a sap reaction in the range j)H 5*6—6'2. 

b) MK^ROSOOPia OBSERVATIONS 

Subject always to tho above-mentioned carbon dioxide! (‘rror 
of sectioning, the following records may he taken as inon^ crit.i- 
cally near to the natural hydrion concentration tlian most, of 
tho records yet published, since all the precautions, which have 
been shown to bo advisable, were juit into i)ractice. 

TUBER 

Reserve Tissue. — A certain amount, of self-e-olour, pink in 
the cells, was found in th<^ outer cort.<‘x of t.lu" tub(*r. T1h‘ paren¬ 
chymatous tissue gave reae.tions iiKlicaiting pH 6-2, but. 
seems litt le d<)u})t that th(^ n^al internal pi I wit h t hi* normal 
intercelhdar carbon dioxi<le content, is at k'ast. as low as j.H n u. 
Left ovtMMiight in aqueous indicators this tissue shows pH (r2 
in the contents and range a in tho walls very distinctly. I'he 
purple and yellow differentiation of contents and wall with 
BCP is quite striking. Tho lignifio<t xylom walls throughout are 
in range e. Tho phellogon is pH 6‘9; tho normal cork cell-walls 
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are range o and the walls of suherised wound tissues are k. 
The tissues of the eye-bud in the resting tuber appear to be 
pH 6*9 also, with the exception of the acid apiciilus, sec 
below. 

Eye. — The very young eyes of early stages of sprouting 
show a small apiculus and a thicker portion of stem with numerous 
adventitious rootlets arising from the perioycle. The apiculus 
in longitudinal section shows a core of pH 6*9, surrounded and 
covered at its apex by a sheath of acid tissues (pH 5*2—4*8). 
Transverse sections near the apex show that all tissues except 
the vascular ring are in range e, including the pith. The xylem 
vessels have the usual acid walls. 

The thicker part of the eye stem shows the epidermis, sub- 
opidermis and parts of the outer cortex acid, pH 5*2—4*8; the 
xylem walls are acid as usual, and so are the lignified walls of 
the more or less isolated fibres which occur in both the external 
aiid internal phloem regions. 

The rootlets show a hollow core of pH 6*9, with all the 
outer tissues acid, O: The central xylem strantl is also in 
range o. 

Older eyes or very young sprouts showed similar features, 
but with the eye stem 1—1*6 cms. long there is some variation 
from top to bottom thus. 
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rootlets in these older ey<*s sliow both <lernuitogen and 
cortex pH .'>*2—t*S with the vascular core tit j)H .^'O, except 
f<jr the acid xylem walls. 
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SAP, CYTOPLASM AND WALL. PLASMOLYSTS AND 

MIOBO^DISSEGTION 

The walls where they can bo stained indicate range a for 
parenchyma; lignified and siiberiwed walls are o normally and 
k for wound tissue. 

The cells with acid contents were further investigated. The 
red coloured contents (with DER and MR) could bo plasmolysod 
and deplasmolysed repeatedly with 0*/) molar sucrose solution. 
The wall could be seen yellow, as distinct from the acid contents. 
The acidity would, therefore, appear not to bo duo to carbon 
dioxide. 

Using a pair of Chambbss" Micromaiiipulators, it was found 
that one cell at a time could be punctured, and on each occasion 
the red-dyed sap could be seen to escape as a small cloud of red 
colour into the yellow indicator solution where it quickly changed 
colour and disappeared from view. At the same time the cyto¬ 
plasm could be seen left in the punctured cell and it was always 
yellow. This differs from Sohaedb’s findings with injured onion 
cells (see Chap. XVI), but it was confirmed repeatedly. In this 
case, therefore, the wall and contents have boon separatc^d by 
plasmolysis, and the contents have been se))arated as saj) and 
cytoplasm by microdissection. Wc can say with some degrt'c^ of 
certainty that the wall is in range a, the cytoi)lusm is of pH 5-0, 
and the sap is of 5-2—4-8. 

STEM 

Throughout the aerial stem of young shoots 15 to 20 ems. 
long, all the tissues are yellow (acid) withBTB (pH <0-2), and show 
the alkaline colours for BAN,BCG andBPB (pH >4-8). Diffcnmt ia- 
tion is obtained with BCP, but all the pale jmrple records ar<* 
suspected of carbon dioxide error. Differentiation is also obtainc^d 
with DER and MR; so that it is witli these last two indicia tors 
that we get the ap])arent differeneos giving ranges a (pll 5-0), 
b (pH 5-9—5-0), c (i)H 5-<)) and e (pH 5-2—4-8). 

Ease of Stern. — This part shows stem buds and root.lets, 
and the stem itself indicates tlius: — 
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with 0 for the bast fibre walls in both outer and inner phloem. 
The rootlets are in range a» except the dermatogen (piliferous 
layer), outer cortex and central xylem strand which are in the 
range o. The outer cortex was very distinctly acid around the base 
and near the apex of the rootlets. The stem buds had all the 
tissues a, except the epidermis and sub-epidermis which were o. 
CSothing hairs were a. 

Middle, of intern. — This part of the young stem was distinctly 
less acid tlian the basal part. The epidermis was e, instead of o, 
the sub-opidormis and outer cortex were a instead of e, since the 
sections were all yellow with MR except for lignified walls in 
xylem and bast fibres. The clothing hairs were in range a, but 
the heads of the glandular hairs varied, being a when young 
but c when older. 

It was with this part of the young stem that the critical 
observations on respiratory carbon dioxide were made. Micro¬ 
scopic observations showed that the cambium in particular turned 
pink rapidly with DER, but all the other living cells changed 
colour also, when a cover-slip was used. The real natural pH of 
these tissues would, therefore, appear to be c (pH 5-6) or c (pH 
5-2—4-8) rather than the a (pH 5*9) obtained by observing sec¬ 
tions without a cover-slip. This reasoning would not apply to 
tlic hairs in the a range, nor to the epidermis when it was at e 
or i)ossibly also at e. 

(larbon dioxide content is clearly a master factor in deter¬ 
mining the natural pH of ail the internal living tissues of the 
young potato stem in this middle region. Above and ])elow the 
middle part organic acids may account for the more acid sa]) in 
some tissues such as the ejndermis, hypoderinis and outer cortex. 

Top of AStem. — The u}>j)er pai’t of the aerial stem was very 
similar to the middle i^art, but the sub-epidermal layer and oiu* 
or two layer sof the outer cortex were e instead of a. The 0 ])i<lerniis 
and other tissues were the same as for the middle. 

L2SAF 

The ])etiolo showed the contents of epidermis and sul)- 
epi<lermis in tlie c range, the usual acid walls for the xylem and 
the rest of the tissues at pH 5-1). The mesophyll, being deej) 
gre(Mi, showed no clear indication, wliile the midrib (rachis) was 
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similar to the petiole. Self-colour was present in some non- 
chlorophyllous parts but not in all. 

SUBTERRANEAN PARTS 

Etiolated base of Aerial Stem, — This part of the stem showed 
a very distinct differentiation with DTiJR. Again all tissues were 
in the range pH 5*9—4--8. The walls of the xylein vc^ssols and of 
the numerous bast fibres of both outer and iniu^r phloem gave 
bright reds with DER and MR (range e). The pith and pracd*i- 
oally all the cortex were in the range pH 5-9—5d>; all yellow with 
MR and BCP, varying from cell to cell with DER, but showing 
mostly yellow (pH 6*9 ca.). The epidermis, sub-ei)id(u*mis and 
some of the outermost cells of the cortex were aeid (pH 5*2—4*S), 
as in the base of the stem above ground. 

The most striking phenomenon, however, was the v<n\v 
distinct pink with DER throughout the whole of tlu*, vasiuilar 
ring. Outer and inner phloem, xylem parenchyma and c.amhium 
all gave clear pink with sections which had been washed in neutral 
water and immersed in DER solution. With MR tlien^ was again 
a decided pink throughout the vascular ring, but this })ink faded 
fairly quickly and gave way to a yellow. The* vascuilar ring in 
fresh sections is, therefore, of pH 5*2—4-8, quite apart, from tJu" 
wall reactions of vessels and bast fibres which tak(' tin** stain 
more deeply and persistently. The passing away of t-lu^ l)ink 
with MR would indicate cither an escape of (carbon <lioxide or 
the presence of some other readily diffusing aeid in a c-oneemt- 
ration just sufficient to give pH <5*2. The pink with DER, 
although it persisted longer than that with MR., <li<l pass away 
within about two hours, the rod colour of t.he epidc^nnis eont-cuits 
and lignified walls persisting for at least twelve hours. 

This evidence would indicate that the cpi<l(u*nial acidity 
is due to organic acid which does not diffuse^ very rc^adily, whil<‘ 
the acidity of the internal tissues is mainly due to carbon dioxid(\ 

RHIZOME 

Very young tuber-producing stem braiudies showc^d rang<‘ e 
in contents of epidermis, sub-e}ndermis and the outermost. eort i<*ail 
cells. Most of the cortex and all the ]>ith was of ])II 5*9. ^rh(‘ 
living cells of the vascular ring, including the cambium, 
of pH 5*(), the xylem walls and fibre walls w(u*e e. 
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The older tuber-producing stem branches closely resembled 
the etiolated base of the aerial stem, but the vascular ring was in 
range d (i)H 5‘fJ—4-8) rather than e, since the pink with MR was 
not very definite and at best it was distinctly fugitive. The actual 
reaction is [jossibly between pH 5-2 and pH 6 *6. The cortex and 
2 >ith again varied from oell to cell but showed almost as many 
cells at pH as at pH 6-9. 

ROOT 

Tho central xylem strand showed o, with xylem parenchyma 
and i)})l<)em at j)H 5-0 and tho layer between (cambium in part) 
at pH 5*9, Tho cortex was at pH 5*9 and the piliferous layer at 
])H 5'C. 

c) SUMMARY 

Thoso observations indicate that in Solanum tuberosum — 

1. The outer layer, epidermis or piliferous layer, together with 
one or more of tho adjacent layers, has an acid sap, some¬ 
times pH 6-2—4‘S, but rising in the upper parts of the aerial 
stem and in tho older rootlets to pH 5*6. This acid (e) layer is 
the whole deptli of tlio cortex in the young tips of roots and 
in tho a})iculus of tho young eyo shoot. 

2. Tho ctytoplasm is, when seen separated, at pH 5*9. 

3. Tho roac.tion of tho lignifiod and suberised walls is in range o, 
or for wound suberin range k. The cellulose walls may be in 
range a. 

4. Tho uc.tual ])H of tho other tissues lies within the range pH 5-9 
—4’S, and appears to be dominated almost entirely within 
tliat range by the carbon dioxide content of tlie cells and inter- 
cudlular Hpa<5es. ''Fhe cortex and j)ith are frequently af ])H 5*9 
in free sections, but tliis is shown to be subject to a c^arbon 
dioxide error, and the real value in the living e.ortex and ])ith 
thrcuighout (with the exception of tho very young root and the 
apiculiis of the eyo) is suggested as j^H 5-f>. The reaction of 
the vascular ring in aerial parts of the plant would appear 
on tho same evidence to be also pH 5-6, but in the etiolated 
subterranean jiarts of the stem the natural reaction would 
aj)])ear to be slightly below pH 5*2. 

5- Acidity in the tissues of the potato seems to he caused hy 
(a) wall acids, (b) organic acids in the sai^ of outer tissues, 
and (c) carbon dioxide in the inteinal tissues. 

Protniilabtmu-MunographiuiL II: Small 
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2. BUFFERS 

The buffer capacity of tuber and leaf, an<I the buffer HyHteniH 
present in the potato tuber were reported iixjon by (b T. iNuorai 
(1929) as follows. 

The present work was undertaken to determine the exttuit 
of the buffer action in the potato {8olanvm tub&romim) and iiie 
nature of the buffering systems. 

BUFFER INDEX 

In the previous work on buffering in this series tlu' dt^gnv 
of buffering of the sap is measured by the concentration of in¬ 
organic phosphate necessary to give the same degree of buffi^ring. 
While this method was particularly useful in <l(«aling with tiu‘ 
case of Sunflower, it does not give a generally useful measure of 
buffer capacity since the titration curve of phosphoric aei<l with 
alkali is not a straight lino but a scries of more or less flat parts 
connected by much steeper portions. 

As a measure of the buffer capacity the “Buffer Index” 
of VAN Slykh was taken. This is defined [see KoIjTIIOVK (1922), 
p. 24] as 

^ dpH 

where p is the Buffer Index and B is the ac^id or alkali a(l<led. 
In this paper the equation is \ise<i in the form 

Number of gram equivalents of acid or alkali ad<led to 

one litre of solution to produce a certain sliift in pH 
^ the shift in pH imxluced 

In stating p the range must also bo given, since^ ft for a pa.rti- 
cular solution varies over the pH scale, Tlie Bufhu* Indc^x is 
really a standard way of expressing the dcgnxi of slope* in t he 
titration curve. 

To obtain the buffer-index curve it is first, ruxx^ssary to <*oii- 
struct a titration curve. These curves in this work wen* obtaimxl 
by titrating the sap or other solution with acid (H(U) and a.lkali 
(NaOH), the pH determinations being madcl)y moans of a B. I). JH. 
Capillator. Using the indicators PR., BTB., BCP„ MR,, 
and BPB, titrations could be carried out between the ])(>ints 
pH 3-2 and pH 7-6, The colour of the sap did not intci-ferc 
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with, the capillator determinations. The experimental error 
in determining the pH was roughly -+ 0-1. 

Once the titration curve is obtained the buffer indices can 
be calculated between pH 4 and 6, pH 5 and 6, and pH 6 and 7. 
In a particular case in which portions of sap, each of 6 ccs, were 
titrated with 0*05 KT HCl and 0*05 N NaOH the titration curve 
showed that the amount of acid or alkali required to shift the 
reaction from pH 4 to pH 6 was 2*9 ccs, from pH 6 to pH 6 1*4 ccs 
and from pH 6 to pH 7 0*95 ccs. 

To work out the buffer index between pH 4 and 5 there are 
the data: 

2*9 CCS of 0*05 N acid required to shift the reaction of 5 ccs 
from pH 5 to pH 4. 

Then the Buffer Index, 

Number of gram equivalents of acid 

0*05 X 2*9 ^ 1000 required to be added to 1000 ccs sap 

1000 5 _ to shift reaction from pH 4 to 5 

1 the shift in pH 

= 0*029. 


Similarly for the ranges ])H 5 to 0 and pH 6 to 7 buffer indices 
are respectively 0*014 and 0*0095. 

Hurd-Karrbk (192s) in a recent pajjer uses the reciprocal 

of the buffer index but it appears to the writer, his colleagues 

dB 


and most other workers on buffer capacity that such results are 
much more clearly ])resented when put in the form of a Buffer 
Index (Jiirvc with ]>H[ ranges as abscissae and (i values as ordi¬ 
nates. 


I^^XTRAC^riON OF THF SAP 

Peeled tubers of the variety ,,Bi'itisli Qiieen‘‘ were list'd 
throughout the work excejit where otherwise stated. 

The sap used for the experiments was obtained by squeezing 
the tissue in a specially devised press. The crude sap was cleared 
by filtration through a layer of asbestos on a Buchner funnel. 
The asbestos j^ad was washed with distilled water before jmssing 
the sap through. The liquid thus obtained was free from visible 
suspended matter but was of a bright brown colour due to an 
oxidase reaction in the sap. 


18* 
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It might he mentioned in passing that the buffer indices 
obtained may conceivably vary with the manner in which the 
sap is extracted. Thus Dixon and Atkins (1913) found that the 
solute content of the first pressings from plant tissues was consi¬ 
derably lower than in later pressings. Again Hoaolanu an<l 
Davis (1923) compared the sap obtained from Niiella (a) by 
breaking the cells and collecting the sap which oozed out an<l (b) 
by squeezing out the sap in a screw press, andfiltering the resulting 



fluid. They found that the electrical conductivity of the sap 
collected by breaking the individual cells and pouring oul. the 
contents was 60% greater than the conductivity of th<» ex¬ 
pressed saj). 


THE BUFFER INDEX CURVE 
Figure 20 gives the buffer-index curve of the saj» of the 
tubers. This is an average of determinations which arc givtui in 
detail in the following table. 



THE POTATO (SOLANUM TUBEROSUM) 


277 


Table I 


Bu-ifer hidicea of samples of '‘seed” tubers 


Sample 

pH range 


pH 4 to 6 

pH 5 to 6 

pH 6 to 7 

A 

0034 

0*009 

0*008 

B 

0*0212 

0*010 

0*0076 

C 

0*026 

0*0084 

0*0070 

D 

0*029 

0*014 

0-009 

E 

0*021 

0*011 

0-008 

Average 

0*026 

0*0106 

0-0079 


It may be «een from tbiw table that there ia conaiderable 
variation in the buffer indices of the aap from sample to sample 
but that in each case the general form of the curve is maintained, 
i. e. the buffer index rises with decreasing pH. In figure 20 the 
buffer index curve of the sajj of the leaflets of the mature potato 
plant is given and also the curve for the sap of Sunflower hypo- 
cotyl. 

An insiroction of thia figure shows clearly that the sap of 
the tuber is much more strongly buffered than the sap of the 
leaflets but that the general form of the curve is the same. 

Martin (see Chap XII) has shown that in the region pH 
5 .(i—6-8 the sap of the Sunflower is buffered solely by the in¬ 
organic phosphate present. Experiments were accordingly carried 
out to SCO whether the same was true of tlie i)otato tuber sap. 

THE INORdANIC PHOSPHATE BUEFhlR 

A casual examination of the luiffer-index curve shows (putc 
clearly that phosphates cannot be the only buffer system prestuit. 
The buffer index curve of inorganic jdiosphate falls from pH 6—7 
to pH 4—5. In contrast to this the buffer-index curve of potatcj 
sap rises steadily from pH 6—7 to pH 4—5. 

The inorganic phosphate in the sap was estimated using 
Embden’s technique as used by Martin (see Appendix I). 

Table II gives the results of phosphate analysis and buffer 
index determinations between pH 6 and pH 7. Beside the buffer 
indices of the sap are placed the buffer indices of the inorganic 
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Table ir 


Nimibor of 
experiment 

1 

pH 
of HHJ) 

Buffer index of 
sap bctwcHMi 
pH 0 and pH 7 

i 

Buffer index of 
inorganie phos¬ 
phate proHoni in 
sap iti ranges 
pH 0 Ui pH 7 

Molar <'one<Mi- 
iration of in¬ 
organics pllOH- 
in the sap 

1 

6'2 

1 

0-00(t2 

()-()()28 

0-()()58 

11 

,5-8 

OOlOO 

ooo:jo 

0()<)0:i 

IJI 

5*8 

()-00«5 

0-0025 

0-0055 

IV 

«*0 

()0()55 

0-(K)18 

0-0037 

V 

5-7 

O-OOHO 

0-00:13 

O'OOOSl 

VI 

BOi 

0-00«<) 

00019 

0-0039 

Average 

5-9 

0-0075 

0-(M)25 

0-0053 

vn 

6-9 

0-0080 

0-0024 

0-0050 


phoHphato present cHleiilale<l from the titration tal)l(‘ of pliospliate 
given by Clauk (1028). 

For the first six tlotorminations (I i.o V'l) the sa)) in eaeh 
experiment was obtained from single tuber. For l lie Iasi. (i<‘l.c‘r- 
mination (VII) the sap was a mixed sample obtaiued from si.v 
tubers. The values for this sample agree closely with the averages 
of the values for the single tubers. 

These results show that theni is a (foiisiderabh> variation 
from tuber to tuber both in inorganie- phos]>hate eonbuit an<l ij» 
buffer index between ]>H (> and pH 7. 

It is further clear that the inorganic |)hosphate pres<‘nt' <loes 
not account for all the buffering heiweeji pH (J an<l pH 7. In 
fact on the average it accounts for only 30% of the bufh'r iiuh'x. 

This value can be compared with the other exain])Ies which 
have been worked out for ap 2 >Toximately the Ha^m^ range of pH. 
In Sunflower, hypocotyl, stem and root, inorganic phosi)hat'<'s 
represent 100% of the buffer index, in Nildla aboul. in 

Broad Bead stem 50—00%, in Broad Bean root 00-80 

In the i)otato sap inorganic })hosphat(%s account- for still 
less of the buffering as more acid regions are reache<l. 'I’liiis in the 
partioidar case given in figure 21 (boiled and filtered sap) hetw<*en 
pH 6 and pH 7 inorganic phosphate accounts for 37 % of the 
buffering, between pH 5 and pH (S for 8% and Ixh-ween pH 4 
and pH 5 for loss than 1 %. 
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THE CITRATE BUFFER 

The shape of the buffer-index curve of the sap suggested 
that some buffer should be looked for which has an increasingly 
stronger effect from pH 6—7 to pH 4—6. Organic acids in general 
show this feature. The maximum buffering occurs at a hydrogen 
ion concentration numerically equal to the dissociation constant 
of the acid. For oxalic acid it is (second step), for citric 

acid 10^*3 (second step), and (third step), for malic 10 —S 5 

(first stop) and 10 ”"®"® (second step) and for succinic 10—^‘2 (first 
stop) and 10—(second stop). 

Since citric acid and citrate have been recorded as important 
constituents of potato juice (TibbIiBS), the next stage in the 
investigation was a determination of the buffer action of the 
citrate present. 

A largo volume of sap was obtained, ])oiled, filtered and made 
uj) to the original volume with distilled water. This was divided 
into throe portions. One part was used for buffer index deter¬ 
minations, another for phosi^hate analysis and the third for 
citrate analysis. 

The buffer indices of the boiled saf) wore; 

pH range . . • 4—5 5—6 6—7 

Buffer index • . 0-02tt 0 0095 0-0062 

The concentration of inorganic phosphate in the sap was 
0-0049 molar and the buffer indices for this arc: 

pH range . . . 4—5 5—6 6—7 

Buffer index . .0-00016^ 0-00074^ 0 - 0023 ^ 

'^i'he method of citrate analysis used was that describee! by 
Prin(JSHKIM (1910); 261 cos of lK)iled saj) were used for this 
determination. 

To this saj) excess of lead acetate (20*/,, solution) was addend 
and the volume of the whole resulting solution doubled l)y adding 
alcohol (90 %). This was shaken and left overnight. A voluminous 
grey precipitate was formed. This i)recipitate was collected, 
mixed with distilled water, shaken with an equal volume of 
alcohol, and again filtered and washed with 60 % alcohol. The 
precipitate was then mixed with distilled water and decomi^osed 

1) (^alc-ulated from PrideAUX’b curve [BAY1.ISS (1924), p. 20.5]. 

2) Calculated from CLARK [(1922), p. 107]. 
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by pasHing a stream of TTgS through the lioattMl Iif]ui<l, Thoro 
resulted a black prc^oipitato of loiul Hulphi<Io. This was filt^frcul 
off. The filtrate was ooncentrai^wl and noutraliwo<l with KOH. 
Then double the volunio of alcohol wjih added an<l th(» wholes 
■was shaken and loft over for a few days. I’ho whit.e |)r('<*.ipitat<> 
■which separated out contained Home of the phoHphaiiOH and huI- 
phates. This precipitate waH filtert^d off an<l the fili.rai^' ( IHOikih) 
was mixed with 10 cos of 30% aootio acid. Any tartrat<^ pn*HtMit 
shouhl Hoparato out at this stage an acid potaHsiuiti tartrat^^ A 
very slight precipitate did form. This was filter(«l off and tlu^ 
filtrate was heated until all the alcohol waH driv(‘n off. The 
solution was then acidified with H(U an<l extrjutte<l witli (“ther. 
The watery solution left over from the ether exi.racdiion wtwi neu¬ 
tralised with NaOH. BaOla (10% Holution) waw then ad<led 
giving a heavy white ])reoipitate. The i)reci])ii.ato was fili.(‘n'd 
off and alcohol waw ad<led to the filtrate in tlu^ jjroportioim 72 
parts of Holution to 2H jwrte of alcohol. A vohiniinouH while 
precipitate formed on the addition of the alcoliol. TIiIh is h. preci¬ 
pitate of barium citrate which is sparingly soluble in wat(>r hut. 
insoluble in 28% alcohol. This was filtered off and wasluKl with 
28 % alcohol. The precipitate was then mixed with wat.<‘r a.nd a 
few drops of nitric acid added to aid the solution of the pr<*<u- 
pitato. Dilute was then added giving a whit.<* pr<*cipit.at.('! 

of barium sulphate. This was filterc<l off, dried and w<'igh<‘d. 
It was found to weigh ()v'525 grams. Now (vic.b gram of this preci¬ 
pitate is equivalent to ()-54« grams of wat<‘t*-frcc tut.ri<' acid. 

From those data it can be calculated that the <!il.ra.t.<^ is pr(‘H«mt 
in the sajj in O'OO.'S? molar concentration. 

The buffer indices of 0’0057 molar citrate are: 
pH range . . . 4—5 .T —(\ 0—7 

Buffer index . . 0 •004-7 0'0037 ()-()401 

These values are calculated from the citrate hufft'r l.ablcs 
given by Claiik [(1922), p. 113—1I4|. 

In this particidar case the citrate pre.scnt accounted for 22-.'“) % 
of the buffering between pH 0 and ]>H 7, 39% of the buffer index 
between pH 6 and 6 and 19% between pH 4 and pH r». 

Taken together phosphate and citrate in this ciwe account 
for 60 % of the buffer index between pH 0 and pH 7, 47 % between 
pH 5 and pH 6 and 19% between pH 4 and pH 5. The buffer 
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indices of phosphate plus citrate obtained by adding together 
the indices for phosphate and citrate taken separately were; 

pH range. 4—6 6—6 6—7 

Buffer index of i^hosphate plus citrate 0*0049 0*0044 0*0037 

Buffer index of sap. 0*026 0*0096 0*0062 



Tt is interesting to note that the resultant buffer-index curve 
of j)hos])hate plus citrate is almost a horizontal line from j>H 4—5 
to j)H 6—7. As ])h()sphato buffering dies out citrate buffering 
conu^s in ami vice versa. 

The relations of ])hoHphato ami citrate buffering in the sa]) 
arc shown in figure 21. It is quite clear from an inspecti()n of 
this figure that some imi^ortant buffer other than citrate must 
bo operating l)etweon pH 4—5 and pH 5—6. It was thought 
that such a buffer might bo found among the ether soluble organic 
acids in the sap. Citric acid is insoluble in ether. 

THE ETHER SOLUBLE BUFFER 
In this experiment a portion of a sample of sap was taken 
and the buffer index curve (fresh filtered sap curve) was found. 






282 


CiHAPl’JSn XIV 


The romaindor of the oample was then filtered an<i made 

up to the original volume with diatillod water. 20 cch of thiH 
wore used for buffer index dotorininations (boiled saj) curvtt). The 
titration was as follows: 


Table III 

Titration of hoilM nap 


Volume of Hamplo titraU'cl 

CCH 0-05 N HC51 or NaOH addwl 

Rf^Hitliin^ |>I1 

10 CtJB 

, ,, 

«•() 0-1 

10 „ 

1-0 CCS KaOlI 


10 „ 

1-5 „ „ 

7-1 -7-2 

10 CCS 

10 e.es H(!l ' 

r>-(i 

10 „ 

2-0 „ „ 

r >-2 

10 „ 

3-0 „ „ 

i 4-7 

10 „ 

5-0 „ „ 

■1-2 

10 „ 

7-0 „ 



For other extraction 10 cos of the t>oiled sap W(«ro uH(‘d. 
This sap was first acidified with H(-l, filtered (since a sliglit 
precipitate had formed) and conccntrat<^l to aiiout .T CCS. 'PluH 
was then extracted with other making three sliakings a.iid in 
each ease using 100 ccs or more of tiie ether. In carrying out. th(' 
extraction vigorous shaking was eontiniUMl for H<*vi‘ra.l liours. 
The other was then evaporated and the nwidue dissolved in 10 <*(is 
distilled water. The reaction of tljis solid.ion was l<‘ss l.han pM 2*8. 
The titration of this solution with alkali is givini in the following 
table. 


Table IV 

Titration of ether extract from IOcah of hoi ted mp 


N NaOM (Wldisl 

HoHult.il 1 ^ 


' - . -. 

2-0 cicB 

:t-() 

30 „ 


4-0 

4-2 

5 0 

4-(5 

0-0 „ 

r>-i 

6-.5 „ 

r>-r> 

7-0 „ 

(5-1 

8-0 „ 

> 8-0 
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Tho watery solution remaining over after extraction of the 
sap sample with ether was then titrated with alkali. The titration 
of this is given in the following table. 

Table V 


Titration of solution left behind from ether esdraction of 10 cos 

of boiled sap 




Alkali added 


Resulting pH 

10 CCS 

0-18 N NaOH 



3-6 

10 

018 „ 

99 

1*0 CCS 0“05 N 

NaOH 

3-9 

lO „ 

0-18 

99 

2*0 „ 0'05 „ 

99 

4‘6 

10 „ 

018 

99 

3-0 „ 0-05 .. 

9 9 

5-7 

10 „ 

0-18 „ 

99 

3-6 „ 0-06 „ 

99 

6*3 

10 „ 

0-18 

99 

4-0 „ 0-06 ,, 

99 

7*0 


By constructing tho titration curves from the tables given 
above tho buffer indices were found. The buffer indices for tho 
boiled sap a id the other soluble and other insoluble parts are 
given in table VI. As will bo obvious from an inspection of table IV 
the sudden rise from pH 6‘1 to >8*0 in the titration renders the 
buffer index of the ether soluble part between pH 6 and pH 7 
somewhat imcertain. 


Table VI 



Buffer index 

pll range 

j Hup 

EtlK‘r soluble j 

Ether insoluble 


Hiibstanccs 

Bubstane<‘s 

4-r> 

1 

1 0-()22() 

ooior> 

O-OOftT 

6—(5 

j 0-0100 

O-OO.'i.') 

0-0042 

0—7 

1 00080 

V 0-(M)30 

0-0038 


Tho results of this experiment are shown graphically in fi¬ 
gure 22. 

It is clear that the ether soluble substances in the acidified sap 
represent important buffers, in fact the principal buffer substances 
in the acid region pH 4—.5. The more or less horizontal line of 
tho buffer index curve of the ether insoluble part probably corre- 
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spends to the oitrato-pho8iJhat<» curve to whitdi reference has 
already been made (see figure 21). 

The other extract was decidedly acid, being i)el<)w pH 2‘8. 
This suggests the prtwenco of organic acids. Qualitative itists 
ditl, in fact, reveal the jiresence of oxalic acid in tlie extnust'). 

BUb’FKRINd I)UK TO AHPARAdIN 
Asparagin is the j)riiicipal amino com]>ound in th<i jtotato 
tuber. It is ])reBent to the extent of 0-2% in the tuber [.Milimiy 
(1921), p. 95J. 



A 1% solution of as])aragin was made u|) and the l)uff<‘r 
indices determined. Tlioy are given in the following tabU*. 


Table VII 


pH raiigo . 

4 - 5 

r> 0 

0 7 

Buffer in<l(^x of 1% aKparrt^j;in 

0()(M)8 

()•()( )03 


Buffer hulcx of 0*3% oHpara^iii 

(>(KM>24 

0-00()(«> 

()•(>( )020 

Buffer index of sap. 

()0()2« 

00105 

0-0079 


1) This and other possibilities are now being invcstignitHl and will 
bo reported upon later. 
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It is clear from this table that between pH 4—6 and pH 
5—6 0“3 % asparagizi present in the sap would account for less 
than 1 % of the buffer index. In the region pH 6—7 such a con¬ 
centration of asparagin would account for 5 % of the buffering. 
The state of affairs is shown graphically in figure 23. 



Fig. 23 


BUFFERING DUE TO TUBERIN 
Cohn, Gross and Johnson (1919) investigated the tuberin 
of ]>otato juice. From their experiments they concluded that the 
tuberin was a very important buffer m the juice. 

Commenting on the titration curve of the potato sap they say : 
"‘The strong buffer action, indicated by the steepness of the 
titration curve throughout the range investigated cannot bo 
attributed merely to the presence of phosphoric acid nor to the 
other organic or inorganic weak acids which chemical analysis 
reveal. The increase in the steepness of the titration curve in the 
range acid to pH 4*5 on the one hand and alkaline to pH 8'5 on 
the other, is largely due to the dissociation of the protein com¬ 
pounds that exist in the potato and their recombination with 
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strong acids and bases with tlie retention of the hy<irogon and 
hydroxyl ions". 

On boiling potato saj) a i)ro<upitato (ioiisisting probably of 
denatured protein Boj>aratoH out. 'I’lio weight of tliis prcHupii^ito 
was determined and the results are given in table V'lII. 


Table Vlll 


Volumo of ftap 

Dry weight of the proeipitat<‘ 

Kxpn^HHiKi UR 

sample 1 

obtained on boiling the «af) 

fH^ref'iitagc* 

OCR 

gniB 

/O 

83 

0-348 

0-42 

124 

0-412 

0-33 

101 

0-505 

0-50 

53 

0-150 

0'30 


The heat coagulum wlieii filtered off left a elear solution 
from which no precipitate separated out on addition of tri-chlor- 
acetic acid. In another experiment the prcKfipitate obt.ained by 
adding tri-chlor-acotio acid to 12%'> cos of fresh filtered sap weighetl 
on drying, 0'020 gms corrospoiKling to a protein content' of ()• 1 (J %. 

Cohn [see Osbobnb (1924)] gives a titration curvt* for t.uberin 
from whicli it is possible to calculate the buff<*r indi<‘(‘s. 'I’lu'si* 
are given in the following table si<le by sitle wit h tin* bufft'r indict's 
of potato saj). 

That the substances precipitated on boiling tin* sap liavct 
little or no influences on the buffer action is also showit hy a com¬ 
parison of fresh saj) with boilc<l and filtered sap. 


Table IX 

pH range 

Buffer index of 1 % tulxTin Holutioii 
(UiUiulated from (-oiin'h rurv<' 

Hiifh'r 

of potato Hap 

3—4 



4—5 

(H)on 


5—(> 

(>•000(5 


(5—7 

(>•0008 

o-oovn 

7—8 

(>■00 ll 

— 


In those ox 2 >erimcnts each sap sam]>le was divided into two 
parts. One was titrated with acid and alkali and the other was 
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boilecl, filtered, made up to original volume with distilled water 
and then titrated. In this way for each sample the buffer indices 
of the boiled and the fresh sap were obtained. The results for 
four samples are given in table X. 

Table X 


Buffer indices of sap of young tubers 


pH range 

Sap sample 

Unboiled 

Boiled 

difference 


A 

0 034 

0-032 

—0-002 


B 

0 0265 

0*0266 

±0 

4—6 

c 

0 029 

0*026 

—0-003 


D 

0*030 

0*036 

+0006 


A 

0*016 

0-0145 

—0-0016 


B 

0*0146 

0-013 

—0*0016 

5—6 

C 

0*017 

0-019 

+ 0-002 


D 

0*021 

0-014 

—0-007 


A 

0-0107 

0010 

—0-0007 


B 

0-0090 

0 0076 

—00016 

6—7 

0 

0-008 

OOOO 

4-0-001 


1) 

0*010 

001 

±0 


It is clear that there is no constant difference between the 
two sets of readings in any pH range considered. The conclusion 
is that tuberin, or at any rate that part coagulated by heat, has 
very little effect in buffering the sap. 

Htjiid-Karrbb (1927) working with Wheat sap came to the 
same conclusion namely that the protein present had a negligible 
effect in buffering the juice. 

Altlioiigh ])r<)teiu is unimportant in buffering the sap it may 
1)0 a much more important factor in the buffering of the cyto- 
])laHm. About 2% of the whole tuber is i^rotein so that the jier- 
ceiitage in the actual cytoplasm is probably much higher than 
this (at least 6—10%). By referring to table IX it may be seen 
that such a concentration of protein would give a quite consi¬ 
derable buffer effect. 

The buffer index curve of 0-5% tuberin is given in figure 23. 
This percentage in the juice woxdcl account for less than 1 % of 
the buffer indices between pH 4—5 and pH 5—6 and only o 
bctw'een pH 6—7. 
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CHAPTER XTV 


VARIETAL VARIATION 

A few experiments wore carried out to soo wliether the 
buffer indices varied from variety to variety. Hincjc the variai)ility 
in a single variety is so great it is imi)osHiblo to ciraw (ionelusions 
from such a few observations. Those few observations, however, 
indicate very considerable variation amoitg the varieties. 

Five “soe<l” tubers of each variety were taken aiui the sa]} 
extracted in the usual way. The buffer iiulex ik^tenninations 
were mode on the boiled and filtered sap made uj) to the original 
volume with distilled water. The nuiults are given in table XI. 


Table XI 


Variety 

pH 4—5 

Buffer iiulex 

pll 5 0 

pH « - 7 

King Edward VII. 

0-0100 

00057 

0-0052 

The Ally. 

0-0111 

0()()43 

o-oo:n 

Up to Date. 

0-0130 

()()005 

0-0030 

Arran Chief. 

0-0157 

0 <) 08 r> 

0-0033 

Arran Comrade. 

0-02()0 

0-0001 

0-0050 

Britiah Queen. 

()-025() 

0-<M)00 

0-0072 


THE INTERACTION OF THE BUFFER SYHTEMH 


It might be questioned whether one is justified in assuming 
that in a given range of pH the buffer indetx of tlm sap is (‘(jual 
to the sum of the buffer indices of the separate buffer syst<‘ms 
present. 

Tliis point was tested in an artificial buffer solution made 
up to contain citrate, oxalate, pbosphat<« and asparagin. Other 
solutions were made up containing the single buff«‘r systtuns in 
the same concentration as in the mixture. Th<i buff<*r imlitsc's 
in the various pH ranges were then dett^rniined for the mi.\tur*‘ 
and for each of the separate solutions. The resiilts ar<‘ summarisc’d 
in table XII. 

It is clear that in the main the buffer indices of th<i mixture 
are equal to the sums of the buffer indices of the s(q)arate buffer 
solutions in each pH range. The differences between thcs sum of 
the indices of the single buffers and the indices of the mixt.ure 
are all in the same sense. They may, in part, be due to experimen¬ 
tal error, but the results of chemical interaction botw(*en th(‘ 
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Table XII 


Buffer solution 

pH range 

4—6 

6—6 

6—7 


(litrato. 

0-0070 

0-0073 

0-0041 

Oxalate. 

00042 

0-0010 

0-0003 

PhosphaU'. 

00008 

0-0013 

0-0063 

Asparagin. 

00008 

0-0003 

0-0013 

Sum. 

0-0128 

0*0099 

0-0110 

Mixture. 

0-0113 ' 

O-OOJK) 

0-0090 


l)iifforing Hul)stancoH are not entirely eliminated as a possibility. 
This work is being continued.') 


CARBON DIOXIDE EFFECTS 
Ex|jerimonts were carried out to determine the effect on the 
tuber sap of various concentrations of carbon dioxide. The 
nictliod used was essentially the same as that described by Martin 
and is described in (Uiapter XVII. The results of a typical cx- 
periinenl are given in table XIII. 


Table XIIE 


<^<)a . . 1 

1 

10 

20 

30 1 

50 1 

70 

80 1 

loo 

Saf> pll. . 

1 

5*6 

r>-3 -r>-4 

r>-3 

51 

1 

5-1 

1 

50 

4 9 


T\x\» table shows tluxt the sa]) in e<iuilil)riuni witli 20% CO., 
is actually changed in reaction from ])H 5*7 to pH o‘4—an<l 
this concentration (20%) has been recorded by Mac^ness (1020) 
for the (K)a in the intercellular spaces of the tuber. A comparist>n 
of this table witli similar tables given by Martin for the Sun¬ 
flower sap an<l for Broad Bean sa]) shows that has a imu*h 

lower power of changing the pH of the potato sap than it lias 
in reducing the ])H of the Sunflower sap but has much the same 
ae.tiori on both jiotato sap and Broad Bean sap. The difference 

1) Furtli(*r inv(‘Htigjition, using a qiiinhydrone clectro<lt‘, s1k»\vs an 
accurate additive effect and the differences found in the above huffier 
complex compared with the sum of separate buffer bystems disaj)ptNirs. 

Pr<jtopla8ma-Monf)Krai>i»it?»i tb Small It) 
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CHAI^TKH XIV 


between the action of CO^ on Sunflower hypoeotyl saj) aiul on 
potato tuber wap is <iorrelato<l with tlio <liff<u*('n<x‘ in tln^ buffering 
of thoHO two HapH. 

SUMMARY 

The iwe of the “Hiiffer Index”, to expreas buffer <^a- 

dpH 

pacity irt (liHCUHHed. 

The l)uffer index of the ])otato tuber wap ijuu*eaH<‘H from an 
average value of 0-()079 l)etween pH (J—7 to 0*0105 betwc'en 
pH 5—() and 0*()2() between j)H 4—5. 

The sap of the tuber is much more strongly buff(‘n*(l than 
that of the leaflets. The buffer index curve of tlu^ leafU't and of 
Sunflower hyi)ocotyl sap are very similar. 

Inorganic phosi)hates in the sap a(uu)nnt. on tlu^ av<‘ra.g<s for 
30% of the buffer index between pH 0—7. In tiu" range pH 5 
they account for about S% and in the range* pi I 4- -5 for l<‘ss 
than 1 %. 

In a particular case citrate in the boiled and filt.<u*(sl sap 
accounted for 22*5% of the buffer index between pH 4 and 5, 
39% iJi the range ])H 5—($ and 19% betw(‘en pH 4 an<l 5. 

In this sap sani])le citrate and ])}iosphate i.og(4.b<u* ae<‘ouni(‘d 
for 00% of the buffer index in th(‘ range pll 0 -7, 47 hi tlu' 
range j)H 5—(> an<l 19% in the range pH 4- -5, 

Substances in the aci(lifie<l sap solubh* in (4.h<'r are shown 
to be important buffers especially in tlie m<)r<‘ a<*id n'gions (pH 
4—5 and i>H 5—0) where they at^count for at h^ast 50“;, of the 
buffer index. 

Asjiaragin and tiiberin appcstr to liav<' a nc'gligibh^ efb'et in 
buffering the saj) lietween pH 4 an<l pH 7. 

The buffer index curve of the tuber sap scsuns to vary gnsiily 
from variety to variety. 

The interaction of the buffer systems is briefly consid<u*(si. 

In equilibrium with different pc^reeniagt^s of <H)j> tlu* pH of 
the sap varies. Tii 20% in a partuuilar case, th<‘ pH of th<^ 

sap was reduced from ])H 5*7 to j)H 5*;i—5*4. 

3. ADDENDUM 

Further investigation of the buffer c-oinplex of potato tubtu* 
juice by C. T. Inuold has yielded tlie following data. 
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Buffer Complex 

{ Inorganic phosphate ... .... 0*0053 M 

Citrate. 0*0057 M 

Malate. 0*00505 M 

i Oxalate. 0*0008 M 

Subsidiary Systems I Asparagin.0*3% 

V Tuberin.0*5 

Relation to pH 


pH range 4—5 j 5—0 0—7 

/y for vSap. *0200 *0105 *0079 

/> for known l^uffer Complex . 0092 *0008 *0049 


Tlio known buffer coni])lcx, therefore^ accounts for 35 % 
hetwt'cu ])H 4 and 5, 64 % between x)H 5 and 6, and 62 % between 
pH 6 and 7. Succinic and tartaric acids w'ere not identified in 
the juice. Treatment of the filtered juice with concentrated 
tartaric acid gave no evolution of carbon dioxide, so that the 
bicarbonate-(*arbi)nie. acid syst<an is apparently absent from the 
fdttu'CMl juie(‘. 











(1HAPTKR XV 

SUCCULEISTTS ™ llEACTIONS AND BUFFERS 

Succulent plants, with their peculiar inetaholisni and diurnal 
variations, have been the subject of niuch work {hoc (Uuipter XI), 
Asthug (1903) made an extoiiHive investigation of the diurnal 
variations in titratable acids, cp. (Justafson and also Lynn p. 127 
Hempel’s classic work (1917) gives a large collection of data. 
Her method was as follows — leaves were taken, weighc^d, and 
their cell-sap extracted by pounding in a j)orc(‘lain mortar with 
a pestle of the same material. The numerous mc^asurcumuit-s of 
pH made during these experiments, together with the Buffiu* 
Indexes kindly calculated by Mr. C. T. Inooud from the titration 
data given by Hjempel are summarised in Tables VIII. Th(^ higluu’ 
pH data were obtained after exposing the j)lants to light, tho 
lower x^H figures after the |)lant had been in darkness for \ arious 
periods. 

It is obvious that, with the exception of A lor arhor(\^rrns, 
all the succulent xjlants which were compared by Hempmu ait(*r 
exposure to light and darkness, showed an incrc'asc* of [ H | uinhu' 
dark conditions. They show also an incu*eas(^ m titratahU' a(‘id 
(to the litmus point, ])H b-H) and an iiuu‘(^as(‘ in hufhu’ iu<l<^\ 
between the natural pH and x)H (>*8 with th(‘ exc(‘pt.i()n of 

the first two sx:)CcioH of Mesernbrlaiithenmm. Th(^ buffeu’ index 
between pH 6-8 and pH 9*2 (phenol phihalein /r^), shows no such 
correlation with the changes in natural pH, 1 it-rat^iblc' ac*i<l and 
buffer index in the lowm* range. Hkmpfl from luu* obscu'vai ions, 
concluded. 

1. That the acidity in Rochea f(ilrat<i, (^otylrdon ohrallolo 
and O. li'tiguaefolid ‘^(x)ossibly in succiilcuts gcuuu’ally)'’ is diu^ 
not to a mixture of acid and acid salt but to a mixtun^ of at*i<l 
salt and normal salt, which buffers below the litmus point, i. <^, 
around the natural pH and ujj to x^H 6*8. 
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Table VIII 

Reactions and Buffer Indexes 




BeaotionB 

Buffer indexes 

Billerenoes 

Plant 




natural pH— 

6.8—8*2 

Dark-Ligrlit 



Lakmoid 

Test 

H > electrode 

to 6 8 








. ^ . 

pH. 

wm 


Aloe arborescens . 

dark 

6*0 

4-65 

-0046 

•0017 

± 

± 

± 


light 

6*0 

4*69 

■0046 

•0017 




„ cymbaefolia . 

dark 

4*9 

4*69 

•0064 

•0025 

— 

+ 

— 


light 

6*4 

5*59 

•0021 

•0030 




Diotostemoii . . . 

dark 

4*4 

4*26 

*0147 

•0134 

— 

+ 

— 

Hookerii . . . 

light 

6*4 

5*55 

*0044 

*0161 




Cotyledon linguae- 

dark 

4*2 

4*20 

*0120 

*0047 

— 

+ 

+ 

folia . 

light 

5*5 

6*52 

•0065 

*0041 




,, Goruscans . . 

dark 

3*9 

4*11 

*0323 

•0048 

— 

+ 

+ 


light 

6*0 

6*43 

•0072 

•0017 




„ obvallata , . 

dark 

4*3 

4*16 

•0106 

•0047 

— 


+ 


light 

6*4 

5*46 

*0081 

•0037 




Crasaula obovata . 

dark 

4*1 

3*96 

•0320 

•0125 

— 

+ 

— 


light 

6*2 

4*31 

*0263 

•0129 




,, laetea. . . . 

dark 

3-95 

3*96 

*0247 

•0248 

— 

+ 

+ 


light 

5*2 

5*13 

•0236 

•0228 




Rochoa faicata . . 

dark 

4*05 

3*95 

•0427 

•0306 

_ 

+ 

— 


light 

5*5 

5*39 

•0078 

•0391 




Acouium Ha wort hi i 

dark 

4*1 

4*13 

•0327 

•0160 

— 

+ 

— 


light 

4*7 

4*49 

•0219 

•0183 




Mo.se m briai x th em u m 

dark 

4*9 

4*51 

•0133 

•0026 

— 

— 

+ 

eGhinatiim. . 

light 

5*6 

5*68 

*0139 

•0025 




,, iingaeformc . 

dark 

4*8 

4*56 

•0020 

•0023 

— 

— 

+ 


light 

5*4 

5*02 

•0032 

■0016 




Iji^hniaiuiii , 

<liirk 

5*0 

4*81 

*0077 

•0055 

— 

+ 

— 


light 

5*7 

5*35 

•0042 

•0057 




Kleitiia ((‘Uii<‘ifolia ?) 

dark 

4*4 

3*97 

•0320 

•0150 

— 

4- 

-t- 


light 

5*8 

5*55 

•0218 

•0057 




LupiiiuH albus 









-stalks and 


5*9 

5*78 

•0186 

•0823 




first loaves of seed¬ 



6*03 

*0144 

•0697 



[ 

lings . 

nidayw.lt. 


5*78 







„ etiol. 


5*89 

2*19—2*24 

1 (a) *2183 

-0132 




Jjcniou juiec . . . 

' 


|(b) *2330 

*0026 





1) Rt'actioiin an given by Hkmpei. (1017). Buffer Indexes calculated 


by C. T. Ingold from Hempel’s titration data. 
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(illAI^'lEK XV 


2. That the dogreo of aoi<I forniatioii in not (‘orr<dai(‘d with 
the degree of Hiiceuloneo ,,hut there ih a eertaiii likelihoo<I tliat 
it stands in causal relation to the cjuaiitity of disHoeiatetd nia- 
lates.’* 

3. That the buffering in the higher pH range is, in i)art at. 
least, duo to precipitation buffering; the alkali pnHupil-at.ing 
aluminium hydroxide from the aluminium inalatti prc'Hi^nt. 

4. That in Rochen falcata in particular, hut also in all the 
Bxicculcnts investigated, substances of highly iiiconst.ant <diara<d.er 
occur; those are easily oxidisable and then itsstinu* i-hes (diaraet-er 
of stronger acids. 

With reference to tlio first of tliese <u)nclusi<>ns, IIkmiuou 
herself (p. 65) says “It must be borne in mind t.bat tlu^se plants 
contain not only acids, but also salts of suc.h a(ddH”, and furtlun', 
an inspection of the phosphate titration curve (fig. II) will show 
that in the middle region the phosi)hate is all K HaP ()4 and K^H P( >4 
within a certain ])H range. Similarly within a c.<’!rtain ranges, a 
malato system will be all acid salt i)lus normal salt. Tlx* pK 
values for malic acid are given (Ol.auk 192S, p, 678) as 3-48 and 
5-11; so that around pH 6 this conclusion will be eornud. bid* at 
pH 3’95 (see Table VJll) there is a certain small proportion of 
free malic acid present, as stated in the second (|U()tutioii. 

The second conclusion is in harmony with Hpokhr’s view 
of i)entoso sxicculcnce (1920) ami with the findings of Doyi^io 
and CONOH (1928, p. 119) that there is no r<‘ally satisfaidory 
correlation between pK and watei*-soluhle piMdosan <M)nt<‘!d. 

The fourth conclusion is readily (explained by Hcoiciik’s 
observations (1913) of the decomposition of dilute^ mali<* acid 
in sunlight, giving oxalic (pK 1*42 step), gly<‘ollie, forinie. 
and acetic acids. The disputes concerning the ndalJvc ]>roportions 
in which malic and oxalic acid occur in certain succukud-s may 
possibly ho duo to tlic same phenomenon, as well as to scnihoiuiI 
variation from oxalate to inalatc as in AIvisvmbrianthnnum (s(‘i^ 
Ozapek. III). 

HMMPBii (1917, p. 05) also gives a series of curves iu relation 
N 

to the quantities of — NaOH required to neutralise 100 grainnu^s 

5 

of sap, the points being determined with differc7U sap samples. 
The initial [H*] was the natural pH and tlioso are not moclern 
,titration curves’, but by calculating the apparent buffer indexes 
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(Table IX) and comparing these with the buffer index curve of 
0*1 M malate (fig. 24 op. fig. 15) we can demonstrate 

diagrammatically the fact that the plants examined form more 
malic acid at one time than they do at another and that they 
vary in their capacity for malic acid production. The actual 
concentration of malates clearly varies from one sample of a 
particular plant to another. 



A car(‘ful study of fig. 24 shows that, wliile the de(*reas<‘ in [H"] 
from pH 4*5—5-0 to pH 5*0 - 5*5 (excej)l in 2, 4 and 0), might ho du<‘ 
almost entirely to change in the acid-malatt' normal-maluto ratio 
(i. e. to addition of base to the system), this cannot ho the case for 
the zone of lower pH. There the *1 M malate/? value remains con¬ 
stant, the same as for pH 4*5—5*0, and any increase or decrease 
in [H-] must bo due to the actual formation of more or less malLe 
acid in the plants. If there were an actual production of more 
acid between the two ranges pH 5‘0—5-5 and pH 4*5—5-U, the 
fi curve for ■ 1M malate between the points would bo flatter than the 
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actual curve found for the plant juice; thort^foro acidification in 
this pH region is duo to withdrawal of base. While it does not 
coincide (except with Kleinia), the inalato curve is almost parallel 
with the majority of the natural curves, indicating base changes 
rather than acid changes in the middle zone of i)H. (laldilating 
from the values, in this miildlo part of the curve, the malato 
concentration varies from 0*106 M in Kleinia to -04(5 M in two 
species of Cotyledon (see col. 8 Table IX). 


Table IX 

Aiyparent Bujfer Indexes 

P calculated with Homo extrapolation from the uhnrtp. 05 in II smi>ki. ( 1017) 





p in ranffe- 

-pll 

P (dark) boo i>. *203 

Molar (^ino. 


Plant 


4-0—4*5 

4r>—6*0 

6-0—5 5 

avoraffo 


or Malutn 




hAlow 
lilt 0-8 

6*8—l) *2 

from p 

1. 

DiotoMemon . . 


•07(5 

•o.s« 

•020 

•0147 

•0134 


2. 

Oot. ohvallaia . . 


•080 

•028 

•008 

•0105 

•0047 

0-04(5 M 

3. 

<7. coniHcauH . . 


•088 

•050 

•032 

•0323 

•0048 

o-oo:j m 

4. 

(L UnguaefuHa . 


•080 

•028 

•008 

•0120 

•0047 

0040 M 

5. 

Crassida obovata 


•13(5 

•052 

•028 

•0320 

•0125 

0-08tl M 

C. 

Or. lactea , . . 


•088 

•05(5 

•03(5 

•0247 

•0248 

0-003 M 

7. 

Rochea .... 


*124 

i 052 

•032 

•0427 

•o:io« 

O-OHO M 

8. 

Kloinia .... 

■ -i 

■ ■ i‘ 

•120 

i 004 

•03(5 

•0320 

•0150 

0100 M 

9. 

Mpb. cchinaUnu . 

-- 

•040 

012 

•0133 

•0<)2fi 

O-OtM) M 

10. 

Moit, Inujuvlormv 

• -li 

-- 

•01(5 

•004 

•0020 

•0023 



The flattening of the slopes in the* middle* ri'gion of Dioto- 
atemon (1) and for J/. lingaeforme (10) corivspond to the* fla1t(*iiing 
which occurs with lower concentrations of malati*. 'Flu* i-urvcs 2, 
4 and 9 are steeper than malato curves, iiulieating actual formal.ion 
of more acid in those plants within the middle range* of variat ion. 

A similar analysis of the rather small scale titration (•urv(*s, 
given for BryopJtyllum juice by (Iu.stakhon (1925, fig. 2), shows 
that there is distinct evidence of malato formation in that casi*. 
In the afternoon (3-45 j). m., fig. 3(1) the* buffer system is om* 
which falls like a phosjihate-bicarbonate buffer e<»mpl<*x with 
some malato present. At midnight (fig. 3 H) the (>ff(*et.iv(H buffer 
system agrees accurately with a *05 M malato systeun; while in 
the morning (fig. 3 !P) the effective buffer system aj>pears to bo <m- 
tirely • 073 M malato. Gustaitson does not give the actual points bo- 
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tween. pH 6 and pH 8 for curves 3? and G, otherwise these suggesti¬ 
ons could be checked for the higher pH ranges as well as for the 
natural pH range of the acid sap. A titration of the sample G with 
acid as 'well as with alkali would have sho'wn whether the malate 
was all used up or remained partly as neutral salt at that time of 
day. Gustafson’s data suggest a nocturnal increase of 50% in 
malate content; while Hempfu’s data indicate a doubling or 
trebling of malate content in the dark, with persistence of a 
certain proportion as neutral salt even in the light. 

The diurnal variations in succulents have already been 
noted (Chapter XI) and the early work is adequately summarised 
by Hempbu (1917), Hiohabds (1915) and others. The more recent 
work on Bryo^thyllum by Gustafson (1924b, c, 1926) emphasises 
the differences in pH w’hich occur in the juice from different 
parts of the succulent plant and the marked influence exerted 
by the weather upon both diurnal changes and differences (gra¬ 
dients, etc.) in the actual pH (pp. 124 —127). The tissue differen¬ 
tiation found by Miss Lynn (p. 127) emphasises the variation 
from tissue to tissue in both actual pH and in pH changes, espe¬ 
cially with reference to the constantly very acid mucilage cells 
of the hypodcrrais and bundle sheath. 

The lack of correlation between Hucculonce and pH or even 
total acidity is in harmony with Gustafson’s (1927) remarks 
upon the concomitance of low pH and rapid growth in the tomato. 
Wpobhb (1919, 1920) has shown that succulence is associated with 
a pentose metabolism. The fact of the matter is that while this 
pentose metabolism is associated with low pH values, the accu¬ 
mulation of acids or acid salts may be either an accumulation of 
by-products or quite a separate phenomenon. The pentose 
mcdtibolism nniy be the cause of sueculcncc and the cause of low 
pH values at the same time. Hapid growth in the tomato might, 
therefore, bo neither the cause nor the effect of low pH values, 
but another effect of the same cause — i. e. of an abnormal 
metabolism. 

In the same way low jiH values occur, as in Polygonactiac, 
Rosaccae, lihododctulron, etc., without any corresponding succu¬ 
lence, presumably from some other cause than pentose meta¬ 
bolism and therefore unaccompaiiied by any succulence. Further, 
succulence may occur (e. g. Qaateria verrucosa), also in halo¬ 
phytes (o. g. Halaola kali p. 106), associated with relatively high 
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pH values, so that although a jMMitoHt^ niof^bolisiu may lx* oiui 
cause of succulence, there may be other causes of the saiiui phe¬ 
nomenon. 

r tf.-Bi TTr.A in a series of contributions (1925—15>28, see also 
Lloyd and Hlehla 15120) on various asi)ects of desert succu¬ 
lents has given some pH data. The diurnal variation in Oqmntia 
has boon noted already, p. 128, and other points will be discuissed 
in Chapters XVT an<l XVIII. In 15)25b ho gives a number of 
factors which influence water-intake in plant c(dls and si.al.os 
that “Any given water factor of the cell as a whole ehangt^s in an 
independent manner under different conditions, such as pH, 
previous water-content, salts, narcotics, etc.” The rest of his 
relevant data deal with the isoelectric point of plants tiissues, s(‘e 
Chapter XVI; and with the interactions of j)H and tb<‘. wall of tluj 
living cell, see Chapter XVIII. 

Apart from Hbmpbl’s i)H figures of the juices of siic(uden<.s 
and those given in connection witli diurnal variation, there' arc 
few precise data, oxcojit the tissue reactions of i.hc' st<*ms and 
loaves of succulents given in Table VI Chai)tcr X, si‘c all tlu' 
species marked ‘S’. The diurnal variation occurs in the mesophyil 
only of Hedvm praealtum loaf, i)H 5'($ m. in the light btxioining 
pH 5-2—4.8 in tho dark for thoHO tisMucH, with a variation frotn 
cell to cell ill the upper c])idermiH and I<)W(U* oi)i(l(U’miK. An in- 
Hpoction of these records will show that for a sjXMdc's inarkixl 
the pH range is usually about e, i)H 5-2—4'8. ar<*, howt^veu-, 

notable exceptions; on the alkaliiK’t sidc^ we hav(‘ Aloe varivtjala 
(cp. Hbmpbjl on Aloe arbore^rc7ifi)^ (Hafilerta vvrntro.*ia, /^alsola 
kali and Veronica bcccabunga\ on the rnon^ acud si(l(^ \v(* hav<‘. 
Pnya loaf (pH 4*0 in mesophyil), M(\sembrianthem urn filrUigvnnn 
leaf and OrOiSsula rosea, leaf with some (?ells in the nH^sop]|yll 
at iiH 4*0 ca.; (IrassuUi sp. with mosophyll at pH 4*4 1*0, also 

Echeveria spp. and Erhinocartus with a more aeid uj)p<‘r e|)idennis. 
The general occurrence of a j)H 5*2—I’S is of Hignifi(^iin<*<' in con¬ 
nection with HlbiiLiA’s ‘floweheregulation Ixm Sukkulcuit<‘ii’, 
see C^hapter XVJ. 

BUFFKR SYSTEMS IN SUCCULKNTS 

According to Hjcmpel. (19J7, pp. 64—65) malic a<*id is tlu^ 
predominant organic acid present in succulents, not only in(tae- 
taceae but also in Crassulacoac (Abskson and Schmidt cited) 
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and in M(! ^eirihriaiiihemuiri species (Bjena and CtEkbisr cited) 
(e. g. M . lingaeforme). Oxalic acid is generally believed to be the 
chief acid in the last genus but malic acid also occurs in quantity. 
Mayer (1887) established the presence of isomalic acid in Cras- 
sulaceae. PurjeVics (cited by Hemp el) found acetic and formic 
acid as decomposition products. Spoehr (1913) found oxalic, 
glycollic, formic and acetic acids as decomposition products, and 
oxalic as well as malic acid in Opuntia versicolor. Hempel 
(pp. 1(>—17) was unable to detect other than minute traces (loss 
tlian I %) of oxalic, tartaric or citric acid in the sa^i of Rochea 
falcata. 

Malic or isomalic acid would, therefore, appear to be the 
chief acids in succulents and these with their acid salts and normal 
salts would form the chief buffer systems. One or more of the 
other acids, however, with their salts may occur a^s subsidiary 
buffer systems which might become important in certain j)H 
zones if the buffer index curves of the acids present differed in 
form and jiosition from that of the malates. Above the litmus 
])(>int any of the acids mentioned exert practically no buffer effect 
at all, and in this range (which seldom occurs in any flowering 
])lant, far less m succulents) aluminium might act as a buffer 
(sec Hempel p. 56). In the range of reaction between pH 5*2 
and ]jH6*2, the higher range found in flowering plants, the organic 
acids are mainly negligible as buffer-producing substances; and 
the iihosphates and carbonates together with some nitrogen- 
containing acids suggested by Hempel (p. 62) are the only sub¬ 
stances which exert a large buffer effect for a small concentration 
of buffering substance. 

ddu' rung(^ of buffer in(i(‘x should be noted. For kunon juice 
l)(d()\v pH 6*S it IS in the ix^gioii of normal citric* at*i(l (se(' Fig. 28). 
In Al<)(' and M (srnif)i hi atlion um species it is in tin* sanu^ !*(‘gion 
as in tlie la^an and sunflowcu* sap, \\hil(‘ in the otlua* siu*euUuds 
th(" range of buffer index varies below })H 6*S from '0427 to *0105 
(for darkness) and from *0263 to *0032 (for light). The higher 
figures are in the docinormal range of concentration while the lower 
figures are in the range of centinormal concentration. All these 
indexes are, of course, lower tlian maximum on account of the “error 
of grouping‘\ They arc average buffer indexes over a wide range. 

Thus both qualitatively and quantitatively the buffer- 
systems in succulents a^ipear to bo similar to those which are 
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looaliBod in tho more acid tissues of normal planiH, while the 
buffer By stems oharactoristic of normal parouchyrna occur but 
are relatively unimportant in succulents. Citric acid, which does 
not appear to be common in sueculentH, may bo a common buffer- 
producing substance in ordinary plants. 

That the decomposition of acid products in cacjti is not an 
enzymic process appears probable from observations by Hpomiir 
(1913), who found that tho photolytio dccomi)osition of malic 
acid was accelerated by something in tho cactus sap which survives 
boiling and calcining and x^recipitation by alcohol and whi(jh 
dialyses out from the alcoholic prooi])itato. This acoolorator 
must therefore be an inorganic substance and SroMiiR concludes 
that salts of some kind must bo acting. Tho actual acicumulation 
of the original acid products may, however, ho duo to enzymic 
respiration effects, in malate-producing succulents as in the 
citric-producing fungus Aspergilhis niger (sec Cuhrik 1917 and 
OsAiiLiENOEB. otc. 1028). Tho last authors maintain that tho 
citric acid is produced from glucose via gluconic acid and sac¬ 
charic acid. 

According to Hsinbbbhon (1913, pp. 223 sqq.), in a solution 
of glucose there are probably throe <lifforcnt forms of glucose 
which pass freely into one another and ultimately attain a states 
of equilibrium. Under tho influence of a small (|uaniity of alkali 
further changes occur, resulting in the formation of mannoses 
and lovuloHc, both of which again exhibit three forms in solution. 
Under these same conditions other ehang(*s [)rocced slowly l(^a<iing 
to tho formation of lactic acid, ineihyl-glyoxal, etc.. “It is also 
certain that a great variety of other simple sugars n^sembliug 
glucose, lovuloso an<l mannose arc ])roduce(l, and, all told, the*, 
eoiistituonts of such a solution i)robably number at. Ic^asti two 
hundred, all i)roducod from glucose alone, uudc’sr the infliicmec'. 
of a slight excess of hydroxyl ions.** Alkaline hydrolytic? and <>t.h<*r 
changes are the types considered here but aeul hydrolytic and 
other ehanges of stigars are likcsiy to give at least as many possible! 
X>roduetB, The enzymes prewent, their relative? ac?tivit.i<'H Ixung 
governed by their oi)timal i)H ranges, would give the? bias towards 
tho formation of one kind of x>roduct rather than another and it 
is probably here that wo must look for a solution of the? various 
types of acid-producing metabolism, whether these are oe.curring 
in succulents or in the more acid tissues of normal x^l^ii-ts. 



CHAPTER XVI 

PROTOPLAST AND pH 

1. The real pH of Cytoplasm — (a) errors of methods; (h) pH values re¬ 
corded ; (c) pH values in relation to errors; (d) can the pH be determined ? 
(e) the evidence. 

2. pH and the Protoplast — (a) enzyme action and pH; (b) chromosomes; 
(c) viscosity and pH; (d) staininji;; (e) permeability; (f) equilibrium points 
and buffers; (g) membrane buffering. 

1. THE REAL pH OF CYTOPLASM 

(a) Errors of Methods, — A consideration of the errors, 
described in earlier chapters, for electrometric methods of measur¬ 
ing hydrion concentration, together with tlie undoubted presence 
of a large percentage of protein material in the cytoplasm, will 
make it obvious that the intrinsic protein errors combine with 
the errors due to protein poisoning of the electrode, thus making 
all electrometric methods useless for the determination of the 
pH of cytoplasm. The only attempt at accurate electronietrie 
determination on plant cytoplasm was made by Tayjloh and 
Whitaker (1927) on N it ell a and they got posit ire readings on 
tlie galvanometer. Heikbrunn (1928, }). 32) sugge^sts tluit mem- 
hran(‘ foi’inalion might intiud’ere with the acdioii of a miero-hy- 
(lr<)g(Mi-(di‘('t r*o(lt^ wluMi iiit I'odueiMi into tlu‘ cytoplasm, thus 
still another error is possible. I^^liadronietric* measunuuenls of the 
real i)H of cytoj)lasm are, therefore, apparently im])()ssible with 
our pre^sent technique. 

Kurtluu' c^onsideration of the previously described errors for 
indicator metliods, in the presence of proteins and other colloids, 
serves to enijihasisc' tlie protein error, the lix)oid error, tlio adsoiqi- 
tion and chemical change errors and that due to the different 
dielectric constant of the colloidal medium. Rmss (192b ]>. (>4) 
found a difference of 0*5—I'O in the pH indicated for gelatin 
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fragments and the circnmambient modiuni with vixrious indi¬ 
cators and made quite a legitimate coini)ariHon botwoeii this 
system and the cytoplasin-sap system of the coll. AdHori)tion 
and differential diffusion in the colloidal c.yto])lasm destroys 
more or less completoly any possible accuracy of indicator methods 
when the basis of incasuroniont is the tint of any indic^alor. Protenn 
and lipoid errors may combine to ]>rodiice ([uitc' a decioptivo 
virago when tints are used. 

There is no ovidenco, however, that either adsorpt.ion or 
protein error can change the virago of any indlctaior from iho 
‘alkaline’ to the ‘acid’ ranges used in th(‘ R.I.M. Ac^tual changes 
of the colour of an indicator, especially if supported l>y other 
indicators giving a series of similar changes in the same scmsc^ 
below and in the opposite sense above the indicated pH ranges 
can be taken as decisive, for the measurement of <iyt.oplasmic pH. 
Many indicators are, however, more or loss i-oxic to living (iyt.o- 
plasm and only intra^xniam indicators can bo usc<l with hii(k*('ss 
for such moasuroments. Aqueous methyl red, diethyl ro<l an<l 
neutral rod are such indicators, while brom-ctresol green, brom- 
cresol purple and brom-thymol blue are not ra])idly toxic*. ^rht‘ 
indications given by cytoplasm witli tli(^ fii'st thr(‘<^ indicators 
may be taken with assurance; the valium of those giv(u\ with the* 
second three indicatoT*s dcpciuls largely u|)on tli<% t(‘(^hni(|ii<* us(*cl. 
If penetration of tlu^se second thr(*(>f in<li(^ators into any parti¬ 
cular cytoplasm i)rocedos the onset of toxi(*. c‘rf<"<^t-s tlu^ rt^sults 
may be used in supx^ort of the indic^itions giv<‘n by the^ vital 
stains. It must bo remembered that cytoplasms difh^r eonside- 
rably and that some are much more sensitive to t.oxie inflii<uu*(‘s 
than are others. Jf, on the other liand, the toxic- ('ff<‘<‘tH b<‘gin 
before the indicators penetratt^ the actual (\vtoplasm lh(‘ virag<‘ 
cannot be taken as that shown by normal living cytoplasm, 
and this difference may well be a colour (liffc‘reii(‘(‘ ((*p. 
below). 

(b) pH Values recorded. The old observation l)v Hkkumann 
( 1879) on the change of red litmus ])aper to blue by th(‘ plasmodium 
of Aethalium might bo taken to indicate a pH b-S or over for 
that oytoidasm but the change points of litmus materials may 
vary. Clark (1928 p. 86) gives lacmosol as red 4*4—5-5 blue; 
laomoid as rod 4*4—6*2 blue; azolitmin (litmus) r(‘d 4*6—S*3 
blue, all cited as Sorensen 1909 and 1912. Ac^conling to Hkmckl 
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(1917 pp. 11—12) lacmoid paper can be used over a range from 
pH 3-8 ca. to pH 6 ca., while litmus paper shows a series of tints 
from red through violet to blue; one of which tints was used 
by HbmpbLi as the litmus point, namely the particular tint given 
to litmus paper by a special phosphate buffer mixture at pH 6*81. 
The ‘"blueing” observation by Hbrrmank might, therefore, refer 
to a tint given by litmus paper at any hydrion concentration 
from ])H 6-5 ca. upwards. Further, by means of the R.I.M, it 
has been shown (p. 95) that the internal pH of fungi is frequently 
higher than in flowering plants. 

One of tho most interesting attempts on cytoplasmic pH is 
tliat by SoHABDB (1924). He immersed epidermal cells from onion 
bulb scales in methyl red solution and in a few minutes found 
tho cell sap rod while tho proto])lasm and the nucleus were yellow. 
The indicator did not appear to be toxic, since protoplasmic 
streaming continued and the cells remained plasmolysable. When 
cells were previously injured the cytoplasm showed a red virage. 
Similar attempts by M. W. Rea and S. H. Martin with the 
same material and various other easily isolated plant tissues 
failed to give decisive differentiation with indicators and furtlier 
exjieriments by Cl T. 1 n(H)LD with onion epidermis likewise failed 
to confirm this most interesting record. 

The reaction pH > 5-0 for the natural living cytoplasm and 
nucleus of the onion, given by Schaede’s observations, is one 
of the few recor<ls yet published of the hydrion concentration 
of the (?ytoplaKiii as distinct from the rest of the cell. This result 
rests upon a yellow colouration of tlie cytoplasm and niudeus 
with intravital staining by methyl red. 

As a eas(‘ from tlu* animal world, we have the inier<)s])ectro- 
sct)pi(^ ol)-t(‘rvati<)ns hy N'mes and VKnT.iNOEK (192S) on thi‘ natural 
})ignitMit of Arbavia t‘ggs. Their (*oiu*lusion that the pH of the 
cytoplasm in the neighbourhocxl of tlu^ pigment lies somew luu'e 
between pH 5-2 and pH 5 1) HcomH a vt‘ry careful statetueni of 
tho factH, OMpecially in view of tho variation in pH found by 
liwiss (1924) uning another method on the eggs of Echinocardiitm 
and Pomevutrotus both of which varied in tho range i)H fl-4 to 
pH 

A rec('u(. <i()ntril)ution by C 0 LI.A (192S) in Protoplasma, on 
tho aeiion of pH on protoplasmic streaming in Ohara crhiila L., 
includes almost iueidentally a second series of t)l)Hervati(jns of 



304 


CHAPTER XVT 


pH in plant cytoplasm (which arc not oven given amongst tho 
,,Coiiclusions“!). The technique appears to have boon very care¬ 
ful and free from many of tho usual objeciiions; for exam])lo 
the isoelectric point of the ])rotoplaHin wtis cletonniiuMl <lire<ttly 
by MiohabiliIs’ cataphorosis method, instcwl of tho crude nu^thods 
recently in vogue (see p. 3H)). One is, therefore, inclined to give 
full weight to the following statements ((Jolla, p. 187). 

jyReazione del auceo celhdare, Oonla porpora di bromoc^n'tsolo 
il protoplasma prendo una tinta giallo rose cdie corrispoiuh^ a 
pH 6*4~5*6. 1 granuli proteici souo colorali in giallo (pH 

[5'00]). Col rosso motile si hamo colorazioni corrisponchuiti ad 
un pH press’ a pooo egualc. 

Reazione del vacnolo centrale, Immergeiulo le alglu’s in una 
soluziono al 6 per inille di rosso neutro o rosso (tongo, fatta (ion 
Tacqiia incuiesse vivevano, si notaronoi vacuoli (jolorati rispcst.t.iva- 
mente in rosso papavero od in rosso viohMH‘o (pH (r7--7*0). 
Schiacciando il vaeuolo in una soluzione diluiia di ])or[)oni di 
bromocrosolo o di azzurro di bromoiimolo, si osst^rva (du‘ gli in- 
dicatori assumono una colorazione eho eorrispondo a pH (>•(> - 

Although tints are compared, which is not ri^ally U^gitimate 
when dealing with protoplasm in particular, we ar<‘ giv<*ti some 
of tho facts. From the yellow of wo can again say that- 

the cytoplasmic rctiction is pH <5*9; aiul had tlu^ <*olourH with 
methyl rod been given we might havc‘ ()I)i.aini‘(l a lowtu* limit. 
Tho sap reaction is in accordance with that- found for H(‘v<'ral 
other algae. 

The many observations of cells, living and killed ina<l(‘ in 
this Department, have le<l the writ<*rt.o tlu‘following (*oii<*lusions - - 

(1) That when killed or injured the cytoplasm and inK'kuis 
may take up the red form of methyl r<‘d and sliow a virag<‘ whi<!h 
indicates a pH between 5*2 and 4*8; 

(2) That while alive the cytophism (wen of V(‘ry acid plant 
colls does not show reel wit.h methyl red either because' tlu* rc'<l 
form of this indicator does not j)enetrai<i or because tlu' n'iudion 
is above pH 5-2, but we liave <jnly one* eioubtfid r(*<u)nl of anaed iial 
yellow virago in additioji to the potato reconls, p.270; 

(3) That with diethyl reel, a relatively non-t.o.xi<* arul <*asily 
penetrating indicator, the living cytoplasm shows re'd or ye'llovv 
indicating a variation in reaction from pH 5*0 to pH 5-i), but it- 
has as yet been found with certainty to be yellow when thes sap 
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is red only in the ctcid cells of potato, although the nucleus of the 
living cell frequently shows a deeper red than the rest of the 
cell with this indicator, possibly because of other than pH phe¬ 
nomena ; 

(4) That while alive the cytoplasm even in less acid plant 
cells does not show more than a faint mauve with brom-cresol 
purple and is never, so far as our observations go, green or blue 
with brom-thymol blue; 

(6) That the reaction of plant cytoplasm must lie somewhere 
between pH 6*2 and pH 6*2 with little or no variation beyond 
those points, but with probable variations within that range; 

(6) That the use of aqueous diethyl red and methyl red, 
combined with brom-cresol purple and brom-thymol blue used 
with special attc^ntion to toxicity effects, is the best method of 
determining approximately the pH of any particular cytoplasm 
under specified conditions. The indications obtained by this 
method would appear to make the range indicated somewhat 
narrower than the microspectroscopic method used on natural 
pigments. The application of the method is open to all, but 
rt^cords should state the precise conditions under which any 
particular pH is found. There seems little doubt that cytoplasmic 
reaction does vary within the limits given. 

(c) pH Values in relation to Errors. All other values given 
ill the literature for cell reactions would appear to be values for 
vacuolar sap or cell walls or a mixture. The errors given aliovc 
do not apply to Schabdb’s observations nor to the H.T.M. Tlio 
error of mixing sap and cytox>lasm applies to all “•juice'" deter¬ 
minations and to such of the R.T.M. records as are subject to tlie 
error of too great an alcoholic? c;oncentration. These vary with 
the indicators usc‘d and with the reactions found, and it would 
take up far too niucli spac?e if an a1tc‘rnpt wcuv made* to analyse 
these records from this point of view. In the main they stand 
for coll sap and c?cdl wall values, rather tlian detailed observations 
on particuihir ccslls with a careful diffc^reiitiation of sap and 
cvto])lasin. 

(d) (Uin the pll of Oytoplas7n be (leterfnined'( Scarth (1924) 
sugge^sts a possible negative answer, quoting experiments and 
observations on Pelornyxa palustris, a multinucleate amoeba, 
with neutral red as an indicator, similar to those on Stylonychia 
and Vorticella by Mbtohnikoff (1889) with litmus granules. 

I*r<jtopl4U9ma-Mon.ogTaphien II; Small 20 
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Vacuoles, cytoplasmic granules and oxtcmal niodiiim may all 
show different tints or oven different colours, There is nothing 
in these facts against the possibility of determining the pH of 
cytoplasm, provided that technique and observation arc^ both 
careful and provided that the R.l.M. method of inter])r<^tation 
using colours only is followed. 

Weightier suggestions are advanced by (1{)20, 

1927) and Keller (1928), who omjjhasiso the colloidal nature 
of cytoplasm. The latter and his collaborators, having specualised 
for many years with valuable results, iipon the electrict eliarges 
of protoplasm, are naturally inclined to see in theses chargess the 
master factor of biological phenomena, l^erhaps it is! This 
monograph on pH in relation to plant cells and tissiu’sH is the 
result of a similar specialist bias on the part of tlie ])res(^nt wrik^r. 
Kblleb (1928) points out that — 

(1) Capillary chemistry has recognised within the hisi <l(^c*.a(le 
that, in the immediate neighbourhood of membranc^s, proteins 
and hydrophilic colloids, which usually have a iu‘igaiivo (shargo 
of their own, anions are quite motionless and kations liave only 
a strictly limited mobility. 

(2) Experimental researches on the permeability of animal 
and plant plasma-membranes have ](^d to an agrtHuiK^ni. t.hat 
strong alkalies and acids do not ])enctrate living ]>rot'Oplasts at 
all and strong electrolytes do so only slowly and U) small exl-tuil.. 

physiologischen Thooricn dor besonderen Wirkungeii von 
H- und OH-Ionen vorlieron durch diesc's ulx^reinstinirm^iuh* 
Ergebnis vorschiedenster XJntc^rsucher stark an Wuhrs(?li(‘inli(*li- 
keit”! This is the natural result of the wide-spread lo(>s(mi(‘ss in 
locating the various processes, wliich arc su]>pose(l to b<* gov('rn(*<l 
by the pH of the cell, in the cyto|>lasm itself, "riu^re is a dislimit 
j)osHibility that most if not all the processes, in which hydrion 
concentration plays a conspicuous part, arc either surfaet' n^sac^t-ions 
taking place, not in the cytoplasm but at the surfa<*c‘ wli<*r<* 
cytoplasm meets vacuolar sap, or pH and buffer j>lienoniena 
of the sap itself. All the detailed observations, including even 
those of ScARTH mentioned above, seem to indicate sonic 
such arrangement. The work by Kellei^ and Iiis collaborators, 
pushed to its limits with refined technique should prove of 
great value iii clearing up this difference between cytoplasm 
and sap. 
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(e) The Evidence. All the available data indicate that the 
cytoplasm, as a colloidal solution of considerable protein cont^ent, 
is strongly buffered not only by its actual composition, but also 
by the surface i>recipitation membrane-forming reaction so ably 
expounded by Hbilbruitn in Chapters XIII—XIV of Proto¬ 
plasma Monographien, Band I. 

This being so we might expect a relatively stable hydrion- 
concentration in cytoplasm. All the slight but valid evidence 
of the actual reaction of plant cytoplasm is derived from obser¬ 
vations with the indicators methyl red, diethyl red, brom-cresol 
purple, brom-thymol blue and neutral red. All these indicators 
give with various plant sources and with various investigations 
results which, on an R.I.M. interpretation, agree in indicating a 
reaction for plant cytoplasm in the range pH 6‘2—6-2. Schabdb’s 
result gives pH >5*6 (onion); Golla’s result gives pH <6-9 {Ohara ); 
while Vnijs and Vbllinobr give pH 6*2—6*9 (Arbacia). Our 
R.I.M. results all agree with a range between pH 5*2 and pH 6*2 
for living cytoplasm, and pH 6*9 ca. for the cytoplasm of po¬ 
tato cells. 


2. pH AND THE PROTOPLAST 

The actual pH of cytoplasm, from the few i)ieces of valid 
evidence which we have, would appear to be distinctly limited 
in its range, but cytoplasm can undoubtedly exist in the living 
state in contact with fluids the reaction of which varies over a 
larger range, pH 2*0 to pH 10 approximately. The important 
])roblems, therefore, become the behaviour of cytoplasm and 
cytt)plasmici secretions with I’olation to hydrion concentration. 

The available data concuuming tliese x)hen()meiia are for the 
most part very tionfuscMl and freijuently contradictory, but on 
one types of e.yto})lasini<i sec*retioii we hav^e a certain amount 
of more or less ])recise information. 

(a) Enzy7ne Action and pH Opthna. The relation of enzyme 
action to the hydrion concentration of the substrate has been 
the subject of much work from Kanitz (1903), Sentbr (1904/05) 
and Fjcrnbach (1906) up to the classic contributions (1909- 
onwards) by Sorensen and Michaelis, Bunzeljl. (1916), Eui^br 
(1920), h^ALK (1921), and a host of others. The references up to 
1922 are given in some detail by Glakk (2nd edition) but tlie 
subje<!t up to 192S is considered in sufficient detail for ]>resent 

20* 
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pxirposes by Waksman and Davison (1928). Tho actual <lat.a 
can be tabulated. The important points arc firstly 14ran>;o of 
pH through which the enzyme is active and Hocsondly the optimum 
point (or zone) of pH for the enzyme action. The range is indi¬ 
cated in a number of casoH in Table X, and the pTT optiYuum 
is more often a zone than a definite i3oint. Further the optimal 
reaction is known to vary with the temperature, see malt amylase 
and maltaso Table X; and also witli the Hubstane<^ whi<?h an^ 
used either to buffer the solution as in salivary aniylasi^ or upon 
which the enzyme is acting as in /?-gluc(>sidaKe of iht^ emulsin 
system and zymase. The optimal reaction varies also with thc^ 
change which is used to test the enzymic acitivity as in t.ho amylase 
of AspergillvtS oryzae. 

In spite of these variations, a consideration of the dat-a from 
the point of view of tho internal pH of jdani cells is quitch inst.ruc- 
tive. Taking the real pH of cytoplasm to bo boiwt’jcui pH r)'2 and 
pH tP2, we can examine the list of optima. Baieterial (Mizynu’is 
in general and a few derived from yeast arc the chief (Mises whert" 
an optimum occurs above neutrality; others are oxidase and 
peroxidase, peptolytic plant enzymes tyrosinase’s and ureaisc^ 
( = Class O). All the other optima are cither below |)H 7'() or 
around neutrality. Of those a largo majority have o])t.inui in t.lu^ 
range pH 5*2—7*0 (Class B) and couhl, therefore, exert soim'ihing 
like their maximum activity within tlie cytoplasm itsedf. A t.hird 
group may be distinguislunl (as Class A) which have optima 
below pH 5*2; this includes some amylases, doxtrinascs j)ruims<‘, 
y5-gliicosidase, inulase, invertase, almond la(d-as(^ An^pvrtjiUvfi 
maltaso, pectasc, pepsin, horse-radish ■|)oroxidasc', sonu‘ proteasc^s, 
raffinaso and possibly zymase in living yeast. A (^onsidc^rat ion 
of those (Uass A enzymes will show at once that most of tiuun 
act upon substances which occur in tho vaiciiolar saj) or in stonige 
colls rather than in the living cytoplasm of ]:)lanl. ecdls. In tli<‘ 
vacuolar sap or in moistened storage n^gions thc‘S(‘ <*nzym(‘s, 
socrotod by tho cyto])lasm of tho same c^(dIs or sonud.iines by 
cytoidasm of sj^ocial cells as in cereals, could obtain ii non-eylo- 
plasmic substrate at their particular optimal reactions. Fnzymic 
reactions at the boundary of sap and cytoplasm are a possibility, 
but the excretion of the enzyme out of tho secreting cell into 
the endosperm or other storage region is a known fact in many 
cases and a distinct probability in many others. 
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Tho known optimal reactions for plant enzymes may thus 
be grouped as: A-optima for maximal activity in the sap; B- 
optima for maximal activity in the cytoplasm or sap; C-optima 
for maximal activity either in an animal substrate or possibly 
an abnormally alkaline plant substrate. These class C enzymes 
are, however, capable of acting at or below pH 7-0 in a number 
of cases, e, g. oxidase, peroxidase, and tyrosinase, so that they may 
bo active although not at their maximum in normal plant cells. 

(b) Chromosomes and pH. Another aspect of protoplast 
activity upon which we have comparatively definite and unoon- 
fuaed information is the visibility or otherwise of chromosomes 
at different stages and at different hydrion concentrations. Ku- 
WADA and Sakamxtba (1926), using the pollen-grain mother 
colls of Tradescantia virginica, have described (a) tho distinct 
appearance of chromosomes in living material at pH 3*8, (b) the 
swollen and indistinct appearance of these same chromosomes at 
])H 6*6, and (c) the re-appearance of the same chromosomes as 
<listinot structures when the reaction was brought back to pH 3*8, 
Tho changes of reaction were effected by means of various buffer 
solutions. 

These authors suggest that, since the isoelectric point of 
nucleic acid is about pH 0*7, the chromosomes are always on the 
alkalino side and become increasingly hydrophilic with increase 
in pH. They are distinct from pH 2*6 to pH 5-2; but above that 
point they begin to swell, so that at pH 5*4 they are swollen and 
at pH 6*7 scarcely to be distinguished. That these phenomena 
are cytojilasmic and have practically nothing to do with the sap 
reaction is clearly indicated by a determination rc'corded of tho 
])resHed contents of the anthers, which give red with phenol red 
and blue witli hn^m-thymol blue, imlieating j)H 7-0 for the juice. 

Sakamuua (1927) in a later contribution utiHs(‘<l tlu‘ rea<ly 
Xionetration of carbon dioxhle as a means of changing tlie internal 
pH of living cells in a reversible fashion. Pure air and air | carbon 
dioxide was passed alternately through the microscoi)e obser¬ 
vation coll. Pollen mother cells of various plants were used and 
the carbon dioxide of the cells rapidly diffused outwards when 
air i^assed through, thus lowering the [H’J, which was raised again 
by i)assing carbon dioxide through the t)bsorvation cell. The 
colls, being mounted in 5% or 10% sugar solution, remained 
alive and tho chromosomes were invisible or almost so under 
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natural conditions, appearing quite clearly when <H)^ was ])asHO(l 
over and disappearing again when the COg was nmioved by a 
current of pure air. These phenomena wore quite nworsihlo and 
occurred in all plants oxaiiiinod. Tn Hecalc cereaU the internal pH 
varied from mciosis (pH 5-8—6-0) to the goneraiavo nu(d<^ar 
division in young i)ollcn grains (pH 5-2), and the ehromosoinos 
wore visible without CO 2 transfusion. 

The moohanisin of the formation and break-up of the <‘.hromo- 
RomoH in karyokincsis is undoubtedly an alk^raticm in colloidal 
condition. Hydrion coneentratioii <u>ntpols tlu^sse j)henomena in 
a marked flogroo, but experiments with various salts at various 
pH values show that other factors in addition to pi I are import.ant. 
The original papers should bo consultt^d for the many int»<srcwting 
details. 

(c) Viacosity and 'pll. A critical review of this subj^Mst is 
already available in Protoplasma Monograph ion Hand ! by L. V. 
Hhjilbuunn, which should be eonsulted for <letails an<l n’lferomu'is. 
Granulation and coagulation on lowering the pH valu<^ below 
neutral point, followed iiossibly by a decrease in vis<u)sity at. st ill 
lower pH values, are more or loss goiiorally agrec^-d upon but 
mechanism of the action may or may not be different in diffcu^uit 
cases. Increased viscosity and possibles coagulation wIumi ihci 
pH values arc raised above neutral point an^ also indi<^Hi'e<l by 
some evidence, but we may quote HKiunRUNN with assuran(‘<*. 

‘'It is obvious that our knowledge', reganling th(^ acdiioii of 
acid and alkalies on the colloidal properties of protophisin is far 
from satisfactory. There is real need for careful and eompndK'ii- 
sivo experiments on various sorts of matc'rinl witlj difh'n'nt acids 
and alkalies.’’ 

(d) Stainhig and pH, This j)art of the subject might divick'd 
into two sections; 1. differential staining with a<d(l and basic, 
dyes, and 2, vital staining, but the earlier work is adniirahly 
summarised by Sttliah (1024) and a brief historical r<'vi('w will 
be sufficient (cp. Hunnstrom 1028, p. 237). Hktiik (lOIb, Ib22) 
product^d experimental evidence for the general rulc^ thai. r<dativcly 
alkaline cells take up basic dyes while relatively acid ccflls take u[) 
acid dyes. Rohdb (1917), one of Bbthe’s y)ii])ilK, gave evid<'nc(* 
which is more or less corroborative. He found that a(ud dyess 
coloured acid cells (pH 3“0J)—5*5) very quic^kly and inix'nsoly, 
also that basic dyes coloured those cells slowly but distinctly. 
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Kohdk also found that neutral tissues in acetate buffer (at pH 
5”6(J—4*14) became acid in their response to acid dyes, while 
acid tissues with phosphate buffer (at pH 8*12) changed to rela¬ 
tive alkalinity in their response to basic dyes. There is, therefore, 
no doubt that the pH, both internal and external, affects in some 
degree tlie capacity of living cells to absorb acid and basic dyes. 
The effective internal acidity in this case appears to be that of 
the saj). 

Irwin (11)23) found diffusion of cresyl blue into Nitclla colls 
very slow below pH 5-9 and increasing from pH 5'9 to pH 9'0. 
Irwin (1928) using Valonia found methylene blue penetration at 
pH 5-5 and pH 9-5 so slow as to bo not easily measurable. 

SiDBRlH (1925) using Fusaria spp. distinguished two kinds 
of ])ignionts — (a) diffusible and escaping from the cells, (b) non- 
diffusiblo an<l retained within the coll. Ho found that the initial 
pH of i'ho medium always controlled the colour of the pigment 
and that, only if the initial pH were maintained, it controlled also 
the initiation or inhibition of pigmentation. 

Since [H'] is intimately connocto<l with rH, all the iicw 
studies of oxidation-reduction potential arc carried out on 
material at the same pH. This sameness may be natural as in the 
two [H-l kinds of spores of Eguisetum (Joyet Lavergnb 1928, 
80 (» also Needham 1926), or it may be obtained by buffer control 
of the external medium combined with control of the internal 
pH l)y moana of CO 2 and NH3, as was done by Brooks (1920). 
Brooks (1927) maintaiiiod that methylene blue jicnctratcis as 
Hiieh into Vfdoma and that the rate of poiiotratiou de])cn(ls mjon 
tlio ])H of ilie external flui<l and the tomijeraturo. Irwin (102S) 
disagnu^'i, above. 

Quite a number of important eoiitribiitions bearing upon tho 
problems of vital staining in relation to hydrion concentration 
liavo api>earod in Protoplaamn. Bumjantzew and Kbj)kowsky 
(1926) deal with protista; Nbbdham (1926) with oxidation- 
reduction ])otontial; Kustbr (1926) is sceptical of vital staining 
of tho protoplast in any case, but did not use methyl red and 
diethyl red. According to Gellhorn (1927), vital staining depends 
upon two factors — 

1. tlie reaction of the cell (in Bbthe’s sense) and — 

2. the permeability of the colloidal cell membrane. 
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He gives data for the eggs of Strongyloc^ntrotutt, which con¬ 
firm Bbthh’s theory. Scabth (1926) obtained true vital staining, 
with selective staining of the miolons by oosih, when Hjnrogyra 
cells were rendoretl artificially more permeable by moans of 
strongly hypertonic sugar solution. (Iioklhorn (1927) records 
similar results without sugar solution. Pfkiffwr (1927) cm phasisoH 
the importance of the electric charge of the membrane when 
dealing with dissociated dyes. CoLiJtL (1928) gives further results 
with indicator dyes. Albaoh (1928) reviews the subject of vital 
staining in general and gives new data, ernioluding that (1) the 
internal pH of the coll has an influence on the sj)eed but. not 
on the final intensity of the dyo-absorption; and (2) the pH of 
the external medium is the main factor for both speed anti final 
concentration of dye-absorption. 

ScHABBB (1927), having determined the natural tlegroe <if 
acidity in various living i)lant materials, finds some <iorrcdation 
between the natural j)H and the pH of various fixing solut.ions 
which give different results with these mat-orials. For examine, In’! 
finds JuBi. and alcohol-osmic-chrom-acetic fixatives (pH 3‘0—3’5) 
useful with the acid onion roots or slightly acid staminnl hairs 
of Tradescantia but more or less useless with the neutral or Hlight.ly 
basic roots of Vic-ia faba and HyacintJvus romanvs which rp(juire 
fixativo.s of pH 1*1—2-4. NAvnoK (1926) foun<l that washing 
killed material in buffer solutions of various pH valucH ha<] a 
strong effect upon the staining properties. ZirkIjK (192S) giv(*s 
details of the effect of pH in chromium siiaining, 

(o) Permeability and pH, Pcrmeabilit.y data in gciu’iral an^ 
dealt with more or less critically by Rtilks (1924). Acconling 
to Stiles, the only pH observations whic^h ai'o not open to s<'!ri(>us 
objections are those by Thondle (1920) wlio found that. iinin<*r- 
sion of lc5af cells, of Buxiis sempervirenfi for five ininiit<'*s in 0-005 N 
HOI or 0-01 N oxalic acid, inoroased the perincsability of these 
cells to sodium chloride. 

Weber (1926) gives a literature list of permeability papers 
since 1922, supplementing the bibliography given by Stiles 
(1924). Tljin (1928) notes briefly (j)]). 58(5 — 587) the work of 
some earlier authors but there is practically nothing of erit.ie-al 
value apart from the already-mentioned work on dyes. 
finds, using onion, rhubarb and potato tissues, that the pernie- 
ability varies with the time of immersion either in water i>lus 
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carbohydrates or in salt solution plus carbohydrates. The method 
used was q^uantitative determination of the concentration of the 
substances per unit dry weight of the tissues, after immersion 
for a known time in the experimental solutions. Salts of various 
kinds increase the permeability for inulin, hructose, saccharose, 
glucose; and the variation for potassiiim permeability is also 
given. Other conditions being the same, the permeability decre¬ 
ases with longer immersion. On the action of pH Iljiit is quite 
precise and quantitative. The effect of the phosphate buffers 
used is differentiated, as well as the effect of the potassium and 
sodium ions in the buffers; and the final as well as the initial pH 
was observed. This part of the work was mainly upon outflow of 
monosaccharides, disaccharides and potassium from the onion; 
but tho sugar content, external and internal, of preparations of 
Valonia, the osmotic pressure (NaCl) of OhaetomorpTia and epi¬ 
dermal cells of Rhoeo discolor were also observed. Ir-Jnsr concludes 
that the pH of the external solution has a great influence on the 
permeability of the protoplast. In general, the degree of perme¬ 
ability is lowest about the neutral point, increasing with increase 
of [H‘] and also with decrease of [H']. The minimum varies 
in its position on tlio pH scale witli tho ions and molecules 
permeating. 

His data for outflow of sugar yield minima for external pH 
in different experiments, as follows pH 6‘9, 6'6, 7*3, 6-8, 6‘9, 
7*2—6.9, 5‘9. His table for outward diffusion of potassium gives 
a sharp niinimutn at pH 5‘6. Scabth’s (1926) observations on 
increased peumoability of Spirogyra to eosin after immersion in 
glycerol or in liyportonic sugar solutions do not, of course, affect 
tile validity of these outward diffusion data. 

HoAGiiAKD aiul Davis (1923) used NiteJla clavaUi and fouiul 
the [H ] of the sap usually around })H 5-2, with occasional varia¬ 
tions in the range pH 4*8—5'8. They found, using NaOH and 
HCl for adjustments, that an external variation of the pH in the 
range pH 5*0—9*4 gave no change from pH 6’2 in the sap 
within the cell, which was very slightly buffered as a solution. 
Variations of the external [H'j to pH 4-4—3*8 gave slight to 
decided injury, with accompanying loss of chloride. Further, 
an external pH 5*0—^5*2 gave a large inward penetration, pH 6’2 
distinct, pH 7‘0—7*2 slight and pH 8‘5—9*0 practically no pene¬ 
tration of nitrate. 
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These critical observations give confirmation to MaoDoituat/s 
(1926) notes on young cells of Carnegia gigantva whic?!! show 
increased permeability and diminishe<l wator-capacity in acid 
and alkaline solutions; to Gabnmr’s (1924) observations on the 
relation of photo-periodic growth to the pH of the cell saj), A 
number of miscellaneous o]>Hcrvations might be explained along 
the same lines, e. g. luwiisr on Nitella and dyess (1922, 1923); 
Lilibnstern (1927) on Saprolcgniacoae optimal growth and 
development of oogonia; Pmtri (1920) on tlu^ killing of Ustilago 
spores; seed germination phenomena (see Stilks 1927), 

The markedly selective j)ermeability of the <iytt)i)laHm to 
carbon dioxide and ammonia has been demonst.ratcsd in dcdail 
by jACOBfJ (1920—1922) and these results have been used by 
other workers (Sakamura, Brooks etc.) in controlling the intra¬ 
cellular pH of living tissues. One of the most noteworthy results 
is that, while the cytoplasm is shown to ho relatively inip(‘rm(‘al)le 
to strong acids [cp. Bbthb (1907), Hahvev (1911, 1923), Gkozibh 
(1916), Hoagland and Davis (1923), KEnnER (1928) and Wmrt- 
HBIMEB below], an external alkaline mixture of and NaH(X);j 
raises the intracellular acidity, because the NaHCK)^ penetrates 
so much more slowly than the carbon dioxide. A solution of lowcu* 
pH duo to HOI has not such a strong acidifying oftw.t as tliis 
alkaline mixture. These new data give greater signifieaiu^e to 
the older consideration of the carbon di(>xld(*i factor by Linniio 
(1909), see Ohapter XVII. 

Although carried out with an animal membrane (frog skin), 
the observations of Wkrthkjmer (1927) are of consid<‘rabl<‘ 
importance for jdant physiologists. Taking the premeability at 
pH 7*0 as a standard, he finds that it varies with the ])H an<l with 
the direction of the j)crmoation flow and with thes suhHtane<‘ 
permeating. If + = grcatcir, — -- lesser and Or unalt<'r<‘d 
permeability the results may ho tabulated thus — 



1 Inner 

1 Outer 

1 Outi^r 

Inner 


rea(*tion of the innersidi^ 

nMU'linn of t layout or Hi<l<^ 


pH 0-0 7*0 5) 0 

pil ()•() 7 

■0 9M) 

Na(il. 

<) 

O 



NaaHP 04 . 


(> 

- 

<) 

Trail her ixiuiker .... 

+ 

— 

<) 

() 

CUykokoll. 

+ 

+ 

— 

-1 


6-0 7-0 90 

(i-0 7-() 9() 
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P'rom those data it is clear that, when problems involving 
the relation of permeability and pH are concerned, (a) any possi¬ 
bility may theoretically be present, and (b) there is nothing to 
be done but determine experimentally the actual relation under 
the given conditions (op, InwiK 1926c, for cresyl blue with 
NitMa and Valonia). The pH effects may or may not be present, 
and if ])rcweiit tliey may or may not be effective in controlling 
the other phcuiomena the explanation of which is being sought. 

Wbrtkjksuvibr (ibid. p. 620) also gives a list of organic acids 
in the or<lor of their degree of penetration with carbon dioxide 
at the top and lactic acid at the bottom; with tartaric, citric, 
oxalic, Hulj>huric and hydrochloric acid labelled “impermeabel’*. 
Ho also gives ammonia and trimethylamine as permeating, 
<limotliylamino slightly permeable, NaOH impermeable. Coucen- 
trations over N/lOO, especially for the stronger acids, were found 
to be injurious. It does not follow, however, that when a mem¬ 
brane is impermeable to acids it is also impermeable to more or 
less neutral, dissociated or undissociated salts of these acids 
(cp. Irwin 1926a, b, c, Pfeiffer 1927 and KEiiLER 1928). This 
bcoomcH important when dealing with the movements of buffering 
Hubstancos. The j)ermoal)ility to weak bases has been dealt with 
rcicUMitly by PouXrvi (1928), but the natural applications seem 
very limitcHl. 

(f) Equilibrium Points and Buffers. At one time a critical 
and detailed review of the literature on so-called ‘"isoelectric’" 
points ill plant cells and tissues was '[)roposed for this section, 
and notes w<‘re taken of the observations and conclusions of about 
two dozen authors; but, in view of the facts concerning buffer 
action and its influence, this has been abandoned. These points 
may or may not h<^ “’isoelectrie”; further encpiiry may elueklato 
this; hut tlie one elt^ar determination is tliat giv^en hv C?oll.a 
(1928) using cytoplasmic granules anti MicirAEi-is’ catajihoresis 
method microscopically. He records for Ohara crinita an isoelectric 
zone ranging from pH 5'4 to pH 6*2 for the cytoplasm, w'ith the 
actual pH of the vacuolar sap at pH 6-6—7'0, the cytoplasm at 
pH 5-4—6*6 and the contained protein granules at pH 6*2—6*0. 

All the otlier ‘"points"’ recorded would he better described 
as “etpiilihrium })oints’". The basic contribution is that by Youden 
anti Dmnny (1926), followed by an additional x>aper (Denny and 
You DEN 1927). Tliese authors do not deny tlie x^ossible existence 
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of real isoelectric points, but they gire conclusive evidence that, 
in the case of potato tissue, substances come out of the tissue 
into the immersion fluid and that these soluble substances, which 
are not proteins, are capable of exerting in watery solution 
96—97 % of the buffering effect observed when the tissue is 
placed in external buffer solutions of various jxoid pH values, 
and 76% of the effect in solutions of various alkaline pH values. 
The final value to which the external flui<l is brought is usually 
around the actual pH of a watery extract of the tissue. 'Chese 
equilibrium points were for slices of apple (pH 3*46) and potato 
tuber (pH 6’25—6*4); for potato roots (pH (5‘4) and barley roots 
(pH 7-2); for corn (pH S or 6-3), wheat (pH 0‘4) aiul rye* seeds 
(pH 6*25); aiul for the matted hyphao of Monilia nitophilia 
(pH 5-6). 

The demonstration of this phenomenon is prciof of what< 
might have been expected, since the addition of a buffer solution 
to a solution of different pH shifts the pH of the mixture in the 
direction of that of tine added buffer solution. A weak acid and 
salt mixture behaves, in fact, like a plant tissue with an isoc'lectiric 
point at the pH of the acid-salt mixture. When 76—97 % of the 
effect can bo shown to be duo to soluble buffering subsianct's, 
the attribution of anything but a subsidiary Hignifiean<Hv to 
])roteins, cytoplasm or wall, is not justified by ih<» facts, 

llLKHtiA (1928) claims to have OHtal>lish(‘<l for Opunlia tissue* 
a buffer effect which is independent of any suhstane«' teaching 
out from the tissue. A close analysis of the a<ii>ual data shows 
that: — 

1. With external fluids below pK 6’0 (H(!l) hotli time n'latious 
and final pH (32 hours) are almost tlic same for normal living 
tissue and tissue. killc<l by heat, chloroform or ahioitol. 

2. With external fluids above pH (NaOH) th<‘ t ime relat ions 
are different but the end point (32 hours) is mueh t.lu* sam<' 
for normal living tissue and tissue kill(‘<l by lieat ing or cltloro- 
form. The alcohol curve sliows a differemt end point. (32 liours) 
but this should be compare<l with iiie graph f(»r outwanl 
diffusion in alcohol from Pelargonium, another acid t.issiu* 
(see above, p. 66). 

3. The imbibition curves (ITlehla, p. 497) clearly iudutato injury 
below pH 3 and above pH 9.8 giving results (at ]>H 1 an<l 
pH 12-6) very similar to those of tissue killed by chloroform. 
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Suoh. flill show ‘bhSf't imhihi'bioii is & plioiioiiioiioii of living 

tissue while the buffer effect is mainly a non-vital phenomenon. 
4. On p. 481 details are given which show that buffering sub¬ 
stances do not leach out otOpuntia tissue into water^ other 
than (sarbon dioxide which is boiled off before a reaction 
})otwoou pH 7 and pH 8 is found for the immersion fluids. 
Til is it taken by I'lLEHnA as proving that malic acid or malates 
<lo not cliff use outwards from the same tissue in contact with 
various concentrations of HOI and NaOH, but if there is any- 
tliing in the observations recorded in the previous section of 
this chapter (j). 318) there is still a distinct possibility of 
oxosniosis of biitfors under TJlehla’s experimental conditions. 

therefore, does not prove his contention and the 
internal evidence is all in favour of an outward diffusion of 
buffering subs Lances into his experimental immersion fluids. 
The 7 )oint could easily be settled by taking a titration cuirve of 
the external immersion fluids before and after the tissue has 
been soaked and constructing two buffer index curves. Similar 
huffier indexes with the tissue removed from the fluid, wotikl 
support ITlehTjA’s contention satisfactorily; but a rise in the 
buff(>ir index of the fluid after immersion of the tissue would 
Hup|>ort Yoitdent an<i Drnny ; while a comparison of the second 
(uirvo witli a buffer index curve of the fluid plus tissue in tlie 
same volume of immersion solution would establish quanti- 
tai-ively l relative iin])ortance of sap buffer-systems and other 
l)uff(‘r-syst<"ms in the c^ffects observed. 

'^riiis appanuit “isoelectric” effc^ct of any soluble buffeu*- 
sysitMu and tlu‘ (changes in extc-rnal ])H induced l)y oiitwar<l 
diffusion of huff(M*s, not only leaves muc*h of the work on “iso- 
points” of plant tissues under suspicion hut it would also 
s<M»!n t.o involve tlu^ earlier work of Stiles and iToiusensen (Hilo) 
jind Hind (H)I()) (see Steles 1924, p-198 and this volume }).33S), 
wh<‘re the reduction of [H*J in the external fluid was taken as 
(widcMict' of absorption of hydrogen ions by the immersed tissue. 
Th<‘ possible outward diffusion of buffering substances confuses 
all these issues, until it is quantitatively determined, as was done 
by Youoen and Dennv. 

The “isoelectric point” records may he treated as equilibrium 
points. When an observed process or phenomenon A is e<)ntrolle<l 
?)y two factors y and Z, and when thes(‘ two facUns y aiul Z are 
I'rntopbiHinii-Nhkiioi'raphicMi M: Small 21 
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governed by the hyciriou conoontration in oppoHito <liro(«tionH, ho 
that the ciirve relating y to pH outs the curve relating z to pH in 
the form of an X, then the observed proo<»HH or j)henomonon A will 
reach an eq[nilI1)riuin paint (maximum or minimum) at the point 
on the pH scale whore the y and z curves interHoet. Whore there 
are more than two factors concerned the maximal or minimal 
regions will ten<l to become broader zones on the ()H scaU*, instead 
of a more or less definite point. 

A good example of this is found in the formation of two or 
three kinds of oxalate salts and two or three forms of crystals of 
calcium oxalate at various pH values (see p. 100 and PKKrB’KMu 
1925 b). 

Tn each record of an equilibrium ])oint, the <leiormination <>f 
the factors y and z and perhaps others has still to be earri<>d out; 
even Youdbin and Dbinny fail to analyse quantitat.ively th<‘ buffer 
systems present, as has been done by Martin, iNOono and 
Ajrmstkon(j (q.v.). 

It may be useful to point out here that organic a(tids tend 
to increase in buffer capacity below pH 5*0, whih* pliosphate 
and bicarbonate systems tend to increase in buff<‘r eapacfity abov<* 
pH 6-0. Both types of buffer systems usually reacih a minimum 
between pH 5*0 and pH 0-(). A factor which tcnclH to iiuTcasc 
the [H ] below pH 5-0 is met not only by a rapidly iiicrcNusin^ huffier 
capacity of the Hyntcm already j)rcHcnt but may in its(*lf Icuid to 
increaHC the p value. KSiniilarly a factor which tends t-o d<'<T<‘as<‘ 
the [H’l above pH (5'() is met by an increasir\jj; buffer <*apacity of 
the carbonic acid — bicarbonatt^ system usually pnsscuit- and 
possibly also of the phosi)hate Hystem which is (commonly prescuil. 
The result is a natural tendency for th(W‘ e<|uilibrium [)<>ints to 
occur in the valley of the buffer index curv<^ for tlu' syst<uns 
present, usually in or near the [H ] range pH 5-0—ti-O. T\w 
natural pH of normal plant cells is also in tins rang<^ wit li C‘X<‘(‘p- 
tions due to change, in the metabolism on both aci<l and alkaliiu^ 
sides. (Jlbhla’h equilibrium ])oint with H(U aiul NaOH a,n<l 
an organic acid which tends to break up in light, is naturally 
around pH 5*(). 

Concerning ijroteins and their isoelectric points — tli(\se 
have been determined for proteins as isolated (see Lowu lt)22 
and others such as Ohbornic, Pattli and Robhktson) : but as 
Vr.i3S (lt)25, see also Rkiss 1920) {)oint.s out, in iho. living <*ell thc' 
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proteins, by reason of their ampholytio properties, are almost 
sure to form complexes, with the possibility of a large variety of 
complex proteins which split up into simpler substances during 
the manipulation for isolation. This variety of protein complexes 
might exhibit a large number of partial equilibrium points (cp. 
STRxraGBR, Robbiks and others) and would tend to show zones 
of “isoelectricity’’ rather than points (ep. Coula, Kopaozbwski 
1926b and others). Finally many of the so-called isoelectric point 
data deal with the destruction of these colloidal protein complexes 
and the consequential death of the cell, cp. PsABSAnn and Ewing 
(1924, 1927), SxTSAXTA (1928) for Carcinus sperms, and others. 
Whether an equilibrium point of any kind is involved or not in 
these cases still seems doubtful. 

Kopaozbwski (1926, p. 246) appears to have been correct 
when he wrote “Pour toutes ces raisons, il faut considerer la 
conception de Lobb comme une simplification dangereuse, il faut 
empScher les chercheurs d’engager leurs reoherchea dans cette 
voie; la somme d’6nergie qu’ils oonsacreront k ce sujet sera en 
grande partie perdxie”^). 

(g) Membrane Buffering, Although the external buffering 
effects of tissue may be largely explicable by means of diffusing 
buffer substances, there are other aspects which must be considered 
— firstly the apparently very stable reaction of the cytoplasmic 
layer; secondly the fact that acid sap content is of frequent 
occurrence, combined in some cases with a much less acid cyto¬ 
plasm (see LuNDEGARnH 1922, Mac Dougal 1926 and Plehla 
1928 for cactus cells, also Flury 1927 for stinging hairs of Urtica 
containing acetic, butyric, formic and other acids, also Chapter X 
and many other references); and thirdly the fact that strong 
acids do not peiudrate rea<lily into the cell (see Jacobs 1920—1922, 
Smith 1923, Lapicqub 1922, Hoacsband and Davis 1923, also 
many others). All these facts indicate that the cytoplasmic layer 
in living cells may exert a strong control over the pH of (1) itself, 
(2) the outward passage of acids and (3) the inward passage of 
acids. 

The cytoplasmic layer, containing as it does a relatively 
high concentration of proteins and also jiossibly of the ampholytic 
phos])hatides all in a colloidal condition, is sure to have a marked 

1) For a detailed LTitieisni sec Kopaczkwski 192(ib. 


21* 
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effect upon the movement of ions of both kinds. This is emphasised 
by PB-BiSTBit (1927) and KbIiLiBb (1928), and explains the high 
buffer capacity of the cytoi>laHm so far as its own intt^rnal 
reaction is concerned. 

The passage of acid or basic substances through this layer, 
cither outwards or inwards, must bo governed by the conditions 
within the layer. Whether these conditions are as postulated in 
the filtration, lipoid, mosaic, iulsorption or ele(?tro<*.ai>illary 
theories of permeability, the buffer effect remains. 

Moorb, JtOAB and Wbbstbr (1912) siiggestiod that tlu' non- 
penetration of siibstancos is not due to the striuiture but to tlu‘ 
colloid contained in the membrane. This view rcH*.eives consi¬ 
derable support from the close similarity in buffering aiul other 
properties of an artificial cell containing oholestfirol ilissolviKl in 
lecithin to the extent of 0‘1 % to 1 % of the lceithin-(diolest.(»rol 
component (MaoDouoal and Mokavbk 1927). delaiin an<l agar 
formed the basis of this protein-phosphatide colloulal ituunbrane. 
Studies were nia.de of its permeability to various ions aiul itiolcHudes 
in relation to pH, and maximal or minimal j)oints arc recorded 
at various pH values, e. g. 2-9, 4-6, 4*05, 5*4, 0*5, 7*25 and 7*3. 
The internal pH was found to remain almost unalt<‘r(wi while that 
of the immersion fluid varied from i)H 3*05 to pH 8*2, so that an 
undoubted controlling action was exerted by the mend>rano on <.lu< 
pH of the internal fluid in relation tooxtornalchaiiges (cp. LAiMogitK 
for Spirogyra, also HoAtit.ANl> and J>avis H»23 f<jr NiHla). 

In addition to the suggested ampholyti<! buff<M’ (‘ffeets of 
the phosphatides, there arc the buffer effects of (*l<*<'t‘ro(‘apillurv 
phenomena, all affected by the pH as it remits upon tlu* h,v<lration 
eaptieity and the density of the charge on the eolloi<Ial subs!rate. 

Under natural conditions in the living e('ll tiiis mem brain* 
buffering would appear to control the internal pH of the eyto- 
])lasmic layer and the inward or outward passage of acids or 
alkalies as such but not as salts, and it. must. b<* rem<*mlM*rcd that 
this particular buffer effect, is jirobably limited to the < yt.oplasmic 
layer, and that the reaction fif external fluids or int.ernai vacuolar 
fluids is governed by other factors. Finally it shouhl be noted t.hut. 
carbon dioxide and some of the weak miids as well as ammonia 
and one or two weak alkalies pass readily through the cyt.oplasmie 
layer and are capable of altering to quite a consiih'rable degree 
the reaction of internal or external fluids. 
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CELL SAP AND pH 


1. The real pit of Cell fcsap. — (a) errors of methods; (b) pH values recorded; 
(c) pH values in relation to errors; (d) can the real pH be determined ? 
(e) the evidence. 

2. pH and Cell Sap. — (a) enzyme action and pH optima; (b) carbon di¬ 
oxide effe(‘,ts; (c) acid-producing metabolism; (d) oxalate crystals; 
(c) colloids in sap; (f) proteins in sap; (g) equilibrium points and buffers; 
(h) membrane buffering, sap and cytoplasm. 

1. THE REAL pH OF €EI.L SAP 

Unlike the body fluids of animals, the cell sap of ])laiits 
can rarely bo obtained free, unmixed and in quantity but, unlike 
the cytoplasm, the cell sa}) is not completely (loniiiiated by 
colloidal phenomena and there is not the same lack of critical 
tiviclence in this case. 

(a) Errors of Methods. These have been dealt with in Part II 
of this monograph and it is only necessary here to emphasise tlio 
importance in connection with cell sap of two errors — 

1. Tim carbon dioxide error of hydrogen-electrode determinations, 
which renders most of tlic records obtained by tliese methods 
()p(‘n to serious objcndlon and leaves them as records of more 
or U‘ss residual })H values, with the important carbon dioxide 
fact-or more or less neglected according to tlic d(^gr<‘e of pre- 
cuiution used. Tliis also applies in some degree to certam colori¬ 
metric determinations, especially those vith expressed sap. 

2. The error of mixing, which applies to all cases where saj) lias 
been expressed from organs in which there are differentiated 
tissues with possibly different saps. ICxpressed saj^ from 
uniform tissues, when it has been centrifuged or filtered quickly 
can bo taketi with due precaution as approximating to the ori¬ 
ginal cell sap. The possible adsorption of buffer substances 
by the broken tissues may make a difference of some signi- 
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ficancse botwecni tho pH of cxprcwHod saj) and 11 h» original pH; 
op. Hoa(JLANJ> and J)avi.s (11)23), alwo I>ix<)N and Atkins 
(1913), HOC j). 27(5 in Chapter XIV above. The Hcrions aspect 
of this error, however, lies in the actual mixing of different 
saps and the mixing of cytoplasmic substances wi(.h the ticll 
sap oven in centrifuged or filtered juices. 

i’ho various other errors detailed ]>roviously may become 
important in special cases. 

(h) pH Values recorded. Bknnkt, ANDMitssKiN and Mii,ai> 
(1927) using a suction method in which the carbon dioxide fa<!tor 
could be adequately controlled, found that the ‘free’ ti'tusluud sa]) 
when allowed to reach equilibrium with the air varietl with tlu^ 
soil in which the tree grew — clearly a buffer effect with carbon 
dioxide an effective factor. The values for tins residual pH ranged 
from pH 5‘6 to pH 6*4 on acid soils, and from ])H 7‘() to pH 7-2 
on soils rich in lime. On expelling (the remainder of) tlu? (tarbon 
dioxide the [H ] fell to ]>H 8'0. The reaction of (.he sap while 
still in the vessels was not determined but “is ])robably kept 
somewhat acid, even wheir carbonates (? bicarbonates) an' 
present by the relatively high COa concentration present”. 

Foi. (1906) recorded pH 5*7 for the latex of Ficus clastica 
another ‘free* fluid, also pH 4*24 for juice of nearly ri|>e ])ear ami 
pH 4*52 for ripe grai)e juice. Clakk and Luws (1917) re(U)r<led the 
following values for food-fluids — 


WubHtanc‘0 

1>H 


raw 

Aiit<)(*la vf'cl 

=— - 

- 

■r*' _■=. 

vinegar . 

2;5«—:5-2i 


beer-wort. 



maple Hynip. 

(>-7r)-b-8 


Hilagc juico. 

3 70—:Mn 


apple juiese (1). 

;V7() -•'>•(55 

3S 

prune juifc . .. 

4 12 -0*44 

4 3 

carrot juice. 

5-21-- 0-27 


cucumber j uico. 

5-08 

51 

apple juice (2). 

502 


string bean juice.. . , . 

5-23— 8 03 

r>*2 

banana juice. 

4*62 

4 0 

potato juice. 

tPOO—<)-44 

0*1 

sweet potato juice. 

5-80—8*73 


beet juice. 

607—8*76 
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C(3mmcnting on tlioso results MoClbndon and Shabp 
(1910) say that the juices wore apparently kept for long periods 
and becaino moro alkaline possibly by fermentation changes, a 
suggestion which is supported by the records for autoclaved 
juices. It will bo noted that the first values (for fresh juices ?) 
all lie within the range pH 3-70 for silage juice to pH 6*07 for beet 
juice. This agrees with the R. I. M. determinations given in pre¬ 
vious chapters, where the values for sap are rarely above pH 6*2 
and rarely below pH 3 *4. 


McClendon and Shaep (1919) give their own records for 
food juices as follows — 


Substance 

pH 

raw 

after boiling 

young carrot juice. 

5-86 

5-80 

potato juice. 

' 6-57 


cabbage juice. 

6-90 

5-78 

orange juice. 

3-66 

3-55 

lemon juice. 

2-32 

2*30 


They also give the values already quotctl for Clark and 
Lubs, and cite a list selected by these authors from the litera¬ 
ture as follows — 


Substance 


pH 


flour extract .... 

beer. 

wine. 

liin(‘ juice. 

huuoii juicc‘ . . . . 

c'.herry juice . . . . 
grape fruit juice , . 
orange fruit juice 
rhubarb juice . . . 
strawberry juice . . 
pineapple juice. . . 
tomato juice . . . . 
plant coll sap juice . 


6 - 0 — 

3.0—4.7 

2- 8—3*S 

1-7 
2‘2 
2 r> 

31-4 1 
31 

3- 4 

3-4—41 
4*2 

5*3—5-8 


From these data it will be seen that the natural fresh ex¬ 
pressed juice of plants rarely shows a [II‘] above pH 6*2, and that 
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a metabolism resulting in the prodiietioii of largo <|uant.itic‘.H of 
organic acids as in many fruits produces a [JHC ] below pH 5-0. 

This and all the valwl rcconls glvcMi in (^haiders X—XIV 
gives ns a comparatively solid foundation for the general state- 
moiit that normal i)lant cell sap has a reaction in the range jiH />•() 
to ptr (J-2, while disturbance of the normal metabolism usually 
results in greater production of organic acids giving values which 
may reach the high [H’] of pH 1*7 as in lime juice. 

(c) pH Valuer in rel^aiioyi to fiJrror^. Amongst the records 
given in Chapters X—XI reactions above pH b"2 arc^ not un¬ 
common. Practically all those high values wore obtained by 
means of hydrogen.-olootrodo nictJiods on juices which had bee'll) 
partially or completely froo<l of carbon dioxi<le. All such rcconls 
can bo regarded only as residual values and of litt.lo or no int.(‘reHt, 
when the reaction of natural coll sap is !)eing (sonsideriML It 
should also bo noted that records between ])H 4’S and pH (b2 
are also o})en to (objection, if the hydrogen-elecdrode nu^ihod has 
been use<i, since the carbon dioxide factor may be (effective 
throughout that range mainly as free carbonki a<ud ((^sp<‘(ually 
below pH 6'2) but also as part of a buffer system in a<*<ionlanc(s 
with the fundamental dissociation ratio. 

(d) Can the real pH be cletermiNed V Tlie two cuTors <l('scrib(‘d 
above are so important that unless they are avoid(^<I the' n^nl 
pH of cell sap cannot ho determined with any certainty or with 
accuracy. In the ease of free sap the carbon dioxide' ('rror has 
still to be avoided (c]). Bennett above), and tlu^ valium })II 5-2 
for free Nitella sa]) is only more or less reliable (HoAdUANi) and 
Davis). The various errors of iiulicator methods appli('<l to living 
tissues render an R.I.M. intorjjrctation nec('ssarv if the* n'siills 
are to bo consklorod as real pH values. Using this R.I.M. inter¬ 
pretation, colour data given by Rohde, Atkins and ot-lu'rs can 
bo rendered more or loss reliable. The R.I.M. data may Ix' con¬ 
sidered the most reliable and most aecairati' data y<*t. available' 
but they are open to several objeetions. Firstly tlu' (uitting of 
the Hoctions may either stimulate the internal production of 
carbon dioxide or liberate the inti*Tcellidar c.arbon dioxide t.hiis 
changing the equilibrium in the whole system aiul iiKu-i'asing 
or decreasing the [H ‘] (see p. 271). Secondly iinnK'rsion in t hi^ 
indicator solutions may alter the permeability to carbon dioxiile, 
again possibly changing the pH. Thirdly there may have been 
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a certain mixture of saps of adjacent cells by diffusion when 
strongly alcoholic indicators were used. Fourthly there may have 
been some toxic effect in the sections immersed overnight before 
examination. 

Considering all these factors we must come to the conclusion 
that, the real pH of cell sap in any particular case has still to be 
determined, but at the same time the carbon dioxide factor cannot 
bo very effective below pH 4*4 in the presence of organic-acid- 
salt buffering; and the lower values in particular, recorded by 
various methods, can be taken as reasonably accurate. Between 
i^H 4*8 and pH 6*2 the variations and differentations found, \ising 
the R.I.M. can be taken as relatively true. The actual values 
(see CiiAPHAM, Lynn, Ajrmstrong and Chapter XIV) obtained 
by the improved R.I.M. can be taken as very near to the real 
pH, disturbed only by possible errors due to section of the materials 
which may be observed and taken into account as in the potato 
(Chapter XIV). 

(o) The Evidence. The evidence for the conclusions in the 
previous section involves the bulk of this monograph; since 
oytoplaHinic pH is almost negligible in the literature and the 
Hf)ecial data for the cell wall are considered only in the following 
chapter. The reader may have realised before reaching this point 
that the reaction of plant cells and tissues is mainly the reaction 
of the cell sap. It should be unnecessary further to emphatsise 
this here. 

3, pH AND CELL SAP 

I n dc^aling witli the sap the factors and phenomena are those 
of fnu‘ solutions with colloidal and membrane effects more or 
U'.ss subsidiary. 

(a) Etizyiiu* Aviion and pll Opthna. These are given in 
(^ha])ier XVI, and attention has already been directed to the 
(Uass A enzymes as acting ui)on substances such as sugar or inuliu 
which occur in the sap, and storage starch or protein which occurs 
in the cavities of more or less dead cells. These enzymes hav(^ 
optima below pH 5*2, while a large majority of the other enzymes 
have optima between pH 5*2 and pH 6*2 which is the normal 
range for sap as well as the apparently constant range for cyto¬ 
plasm. 

(b) Carbon Dioxide Effects. Carbon dioxide can cause a 
reversible liquefaction or coagulation of cytoplasm and readily 
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permeates through both plant and animal cytojjlasm (hoo Jacobs 
1920—1922 and Hhilbbunn 1928 pp. 1S5—187). Those pheno¬ 
mena, combined with the metabolic production and xitilisation 
of carbon dioxide in plants, jjlaco carbonic acid in a very important 
position in relation to the phenomena of hydrion concentration 
especially in the range pH 4*8 to pH 7-0, i. e. throughout the 
normal range of sap and cytoplasm reaction ami higher on the 
alkaline side. Tho effectiveness of this carbon dioxide control 
of tho pH of sap is considerably increased by the occurrence 
between pH 5 and pH 6*2 of a region of minimal buffer action 
in the organic-acid plus phosphate-bicarbonate complex of buffer 
systems. 

Theoretical. — Our knowletlge of buffer complexes in jdants 
is as yet very meagre, but if one looks through a list of pK values 
for buffer capacity maxima (e. g. Clark 1928 p. 678) one finds the 
following pK values — azelaic 2nd 6*6, citric 3rd S‘49, glutaric 
2nd 5'54, itaconic 2nd 5*7, l-malic 2nd S’ll, tnalonic 2'nd 5’08, 
o-phthalic 2nd 5*41, pimelic 2nd 5-41, pyrotartaric 5*63, sobaci<! 
2nd 6*6, succinic 2nd 5‘57, sulphurous 2nd 6*3, uric 6*8, histidine 
S’66. All the other acids, including the amino acids, have their 
maximal buffer indexes below pH 5’0 or above pH 6*0. Of the 
acids mentioned above glutaric, malonic, pimelic ami histidine 
have been found but seldom in plants. Tho others are not known 
to occur in plants (op. Czapbk 1925 and EirLBR (1908) with the 
exception of the commoner acids, citric, malic and succinic. 

Succinic acid is not very common ami so we need ct)nsid<*r 
only citric and malic acids. Tho prosenoo of those partitmlar 
acids with maximum buffer indexes above pH 5*0, will tend i-o 
narrow the zone of minimal buffer capacity i. c. the valley in the 
curve of the buffer complex (sec figs. 19, 27). Malic acid will 
tend to raise this minimal zone between pH 5*5 aiwl pH 6-0 
(cp. l!fLiiHLA 6*6) while citric acid will tend to raise it still higher, 
nearer to pH 6*0 (op. Youdmn and Dennv 6*2, and Inuold 
5*8 p. 281). The relative buffer capacities and relative oonceix- 
trations of tho systems above and below tho minimal fi zone 
will determine its exact position on the i)H scale. The citric; 
acid system in moderate concentration might easily dominate 
a moderate phosphate-bicarbonate complex, obliterating the 
hollow in the p curve altogether with unit-pH grouping as in the 
potato (fig. 20). 
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Thus.wo find that, although we know very little of the actual 
buffer Hystoms present in plants, there are few buffer systems 
which could possibly produce anything but a b\iffer complex 
with a minimal buffer capacity somewhere between pH 6*0 and 
pH 6’2; one of these being a citrate plus phosphate system (see & 
op. figs. 19 and 20). 

Again the basis for attributing an important r61e to carbon 
dioxide in the control of the internal pH is strengthened. Where 
the /3 curve of the expressed juice slopes downwards all the way 
from pH 4 to pH 7*6, there would appear to be nothing available 
to keep the natural pH of the cell fluids below pH 8‘0, except 
the carbon dioxide content which is present in the living cell but 
largely absent from the expressed juice. 

Experimental. — The change in reaction produced in sun¬ 
flower, bean and potato saps in equilibrium with various concen¬ 
trations of carbon dioxide are tabulated on pp. 259 and 289. 
The necessity for determining these changes in a closed system 
should be quite clear since volatilisation of the COg on exposure 
to air may lead to a change from pH 4‘8 to pH 5’6 (p. 218). As 
a matter of fact, using a Spabklet siphon and carbon dioxide 
at more than one atmosphere pressure, a reaction below pH 3’4 
can bo obtained by means of this acid alone. The above-mentioned 
data were obtained by Miss Mabtiit, for the sunflower and bean, 
using tintometer bottles and the tubes from a Gakonq’s photo- 
synthometor; but Inoold for the potato improved the mani¬ 
pulation by adapting the apparatus for capillator determinations. 
The details should be quite clear from figure 26 and legend. 

The reaction changes found are given in Chapters XII—XIV, 
and here in fig. 2<J. It will bo obvious that they are large enough 
to be of significance in the life of the cell, which is carried on 
with an intorcelliilar atmosphere frequently much richer in carbon 
cliuxidc than the free air outside the tissue. Maunbss (1920) 
found the intercellular carbon dioxide content to be 6*7—21*4% 
in apples, 12-2—28-6% in carrots and 19-6—34-4% in potatoes, 
with temperature as one of the dominant factors in COg production. 

The curves in fig. 26 arc practically titration ciurves of the 
sap with carbonic acid. The sunflower curve A A shows the result 
of very weak phosphate buffering (giving a rapid fall of pH with 
5—10% carbon dioxide) combined with little organic acid (cp. 
fig. 200); the bean curve BB shows the effects of phosphate buf- 
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fering with malate effootfl active above pH 4’K Imt reinforood by 
the steep oxalate buffer increase below that reaction so that the 



Fig. 25. Apparatus for studying Carbon Dioxklo Kffrt-.ls on tiir pll of 
plant juices. A — Ganong’s photosynthomotor tube, with a a kii(»\vii 
atmosphoro of oarboii dioxide and air drawn in above mercury l>: a 2er. 
tube e full of sap plus an equal volume of capdlator indicat<»r atta¬ 
ched with the Borew-olip d closed. Tho opening of d allow'K the saf) to 
pass through tho rubber tube e while the mer(!ury flows Ixdow. 'J'he- 
clip d is then closed and the sap shaken with tlie carbon <lioxi(lo for 
several minutes. B — a capillator capillary tube is attacluxl by 

moans of rubber' tubing r. t. to the upper end and a mercury r(w<»rvoir li 
with pressure tubing g is comicetcd by means of a thick-walled e.apil¬ 
lary tube f to the bottom below tho clip d. Tho mercury reservoir is 
placed as figured bo that tho sap e is brought slowly up to tho taj) T, 
now open, and into the capillary tube c.c.t*, whore tho tint can be com¬ 
pared with those of the standard capillator cards, ss*-screw-clamp supports. 
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curve is quite flat (op. fig. 19); while the potato curve CC shows 
the result of phosphate plus citrate with very little oxalate present 
(op. fig. 21). 

JSoLAS (1926) gives a convenient apparatus for the measure¬ 
ment and control of carbon dioxide content of a closed system 
in which natural conditions as regards that part of the environment 
might, with advantage, be used in many permeability studies. 
The rotative merits of electrometric and colorimetric measure¬ 
ments arc discussed by CoXiLBJN and Hastings (1922) but it 
should bo quite clear by now that colorimetric methods are best 



in relation to such largo concentrations of carbon dioxide. 
Boi.as used broni-crosol purple and found a mean error of I'So 
in 10,000. 

(^irboii dio.xido effects have been studied in various connec¬ 
tions e. g. Lilliu (1909) on stimulation; Kiud (1919) who found 
potato sprouting inhibited by an external concentration of 20 “ 
ClOg; Orozibr (1919) found a marked internal tension of OOg 
in Valoniii sap, giving marked changes in [H'];; Irwin (1919) 
and Jacobs (1920) on external acidity and COg; Gustafson 
(1920), MoCubnbon (1920) ajid Smith (1924) on external COg 
and respiration; Mottbam (1928) who found a partial pressure 
160m. (about 20%) of carbon dioxide in cancerous tissues; 
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Thomas (1926) who found that carbon dioxide, even in the pre¬ 
sence of abundant oxygen, may cause the respiration of apple 
cells to be changed to a zymasic typo; Noyes and others (1918, 
1920) who found the shape of the root systems of various plants 
altered; and finally Jacobs (1922) who found important effects 
upon the physical condition of the proto]>lasm. 

There are many other aspects of this — see Smith (1923) 
on petal colours; Sakamuka (1922) and Soarth (1924) on the 
toxic action of distilled water, traced by the latter to the pH ef¬ 
fects of dissolved and unbuffered carbon dioxi<lc. Oehen (1923). 
Bonnet (1927) and VTlbhla (1928) are amongst the many who 
have found similar effects with unbuffered or weakly buffered 
experimental fluids. Enough, however, has beeix given here to 
prove the relative importance of these carbon dioxide effects 
under natural conditions of plant cell life, see also (Chapter X1\' 
‘Wound Carbon Dioxide’, ‘Effects of Sectioning’, etc. 

(c) Acid-prodv^ing Metabolism. Fungi, yeast aiul bat^teria, 
by acting upon various proteins, amino-acids and carbohytlrates 
produce a variety of organic acids such as formic, acetic, pro¬ 
pionic, butyric, caproic, iso valerianic, malic, succinic, phtmyl — 
and indole — acids etc., (op. Cameron 192S pj). 108 stpj. aiul 
CzAPEK 1925 III p. 109). Citric acid and malic acid are common 
in fruits of Rosaceae. and Ribesiareae as well as in (tiirus and 
Vaccinium fruits (Czapek ITT pp. 107-8). 

The various changes which those organic, acids may uiuh^rgo 
in the presence of nascent oxygen or nasc(mt hydrogen ((an Ix' 
appreciated better after a jxerusal of sonu* irt^atisi* on t‘l(‘et.ro- 
organic chemistry such as Brockman (1929). 

It is, therefore, well known that intra-mol(«!ular changes 
and incomplete oxidations of carbohydrates frccjncntly r<*ault 
in the formation of organic acids. In the normal plani-nuda- 
bolism oxidation is complete to the stage of water and ((arbon 
dioxide. This carbon dioxide can ])aHs through the cytoplasm 
and to a great extent out of the plant tissue. It is (juit<* otlu'r- 
wisc with the organic acids produced by what we may t(‘rm 
abnormal metabolism. Some of the weaker of t.ht'se may pass 
easily through the cytoplasm, e. g. benzoic, salicylic, j)ro])ionie 
and acetic acids, but the cytoplasm is almost impermeable to t.h(‘ 
stronger commoner types sxich as oxalic, citric, malic and t.artarie 
acids (cp. Czapek TIT p. 110 con and Wertheimer pro), at any 
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rate so long as they remain free acids and do not become more 
or less neutral undissooiated salts of these acids. If, therefore, 
these acids be produced within the cell vacuoles they will be 
largely retained there as acids. 

The consequences of this retention of free acid in the vacuole 
appears to have little or no effect as such upon the form of the 
plant or consistency, succulent or dry, of the foliage, see Chapters 
X—XT. Waksman, however, states (1928, p. 2281) that “oxidiz¬ 
ing processes have not been definitely proven to be enzymatic 
in nature; for example, the laccase of Medicago sativa, instead 
of being an oxidase, is sometimes referred to as a mixture of 
salts of organic acids and alkali earths; glycollic (CHgOH * COOH) 
and glyoxalic (CHO • COOH) acids predominate among the 
former,’* also (ibid p. 232) “substances like oxygenase and 
peroxidase, only recently considered as oxidizing enzymes, begin 
to lose the attributes of enzymes.” 

The organic acids and their salts in the cell sap would appear 
as possibly important constituents of plant cells; quite apart- 
from their undoubted roles — (1) as very effective buffer substances 
capable of keeping the reaction of the sap within the limits of 
the range which the adjacent cytoplasm can endure without 
serious injury, and (2) as acids producing the various degrees 
of [H‘] which determine the relative activity of enzymes in an 
enzymatic mi'xture. 

For example, we write of these free acids being confined to 
the vacuoles. Suppose that free organic acids be formed in the 
cytoplasm, competition between these acids and the other base- 
containing substances in the cytoplasm will at once develop, 
whether tlie bases are adsorbed by lipoids like the calcium which 
reac'ts to give Hiqil. 15 Ritkn’s ovothrombin (1928, C'hapter 
X III—XIV) or whether tliey are bound elieinically, a certain 
proportion of base will be transferred to the freshly formed or¬ 
ganic acid. But in spite of this degree of neutralisation the re¬ 
action will be changed locally, a flow of calcium or other base 
to give an internal surface-precipitation membrane may be postul¬ 
ated, and the acid vacuole is formed; once formed it will maintain 
itself by the difference in [H*] with the resulting demand for 
base and attraction of calcium amongst other bases. Within 
limits, a fresh secretion of acid by the cytoplasm or an increase 
of acid within tlio sap system, would result in an enlargement 
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of the vacuole and the formation of a larger precipitation mem¬ 
brane around it. The acid, in fact, would tend to remove the 
calcium from the membrane until an cquilil)rium was oHtabliHlied, 
with fresh formation of the xnombranc from the oytophismic 
phase of the system. 

(d) Oxalate Crystals. Oxalic acid is one of the c^omrnonoHt 
organic acids produced by the above-mentioned abnormal moia- 
holism. The pK values for this acid arc I st 1-42 and 2nd 4'3{). 
Free oxalic acid is stronger than sulphurous acjid and miudi str<>ng<‘r 
than any other common organic acid with the ex<^cption of fnaI(U(i 
acid (pK l’S)3; not known in plants, Ozapuk HI ]>. 87). The 
control of [H 1 due to oxalic acid becomes, therefore, an iniporiarit 
problem for the i)lant cell whore the cytopbisni is usually injurt^d 
by reactions which fall below pH 2'/) as a minimum. Injury is 
common at much smaller bydrion coiuientrations. Th(^ control 
by salt-formation an<l buffering with an aci<l-salt plus normal- 
salt system around tlio secoiul step (pK 4*31)) would be c‘ff<*ct.iv<‘ 
but an acid plus acid-salt buffer sysUun would be* of V(‘ry litth^ 
use arouml pH 1*42. 

The calcium flow for surface ]>rc(npitation has b(‘<m nu^n- 
tioned above, and while the oxalates of sodium or potassium 
are very soluble, calcium oxalate is almost insoluble" at- a |H j 
above pH 1*5. Even with sodium or pobvssium prx'seiii, tli(‘ref(>r<‘, 
the oxalate would tend to become entirt*ly c^aleiuin oxalat(* and 
to crystallise out. Below pH 4'0 the bulk of thes salt, would b(‘ 
the acid oxalate Ca(H( 5304)2 giving nioncxflinic? crystals (sc‘(‘ f>. 102) 
which wouhl bo large on acte.ount of the cone«‘ntration and slow 
erystallisation; near ]jH 5*0 the same rc"siilt might b(» ('xp(‘et(*(l 
together with the appearaii<a" of a certain proport ion of t<‘t.ra.gonal 
crystals of C 5 aC 5 a 04 small on account of the l(‘ss(‘r ctonc'imt rat ion 
of 0aC2O4. Beyond j)H 5*0 the proj)ortion of aedd salt, would 
decrease continually, until at pH 0-0 tlure would b<% few or no 
moiioclinic crystals, and the normal salt with larger* t<d.ragonal 
crystals would be jredominate. The drusy (crystals nuMitioned 
by PFErKFMR (see ]>. 101) may be a hydrated form of the normal 
salt, or their formation may depend upon the relatives solubility 
or speed of formation in the various media which he used. ’'Huuh" 
is some evidence also that the monoelinic salts have two, while* 
the tetragonal salts have six molecules of water of crysi-allisation 
(CzAPBK III, p. 08). 
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In any oa.se, we have two interesting results — 

1 . The formation of oxalic acid is accompanied by vacuole for¬ 
mation and the crystallisation of calcium oxalate. The cyto¬ 
plasm is thus protected from an injurious [H'] of pH 1*42 
or lower. 

2. By observing carefully the crystal form of calcium oxalate 
wo can arrive at an approximation to the pH of the sap of 
the colls in which they were formed. 

(o) Colloids in the Cell Sap. There is no evidence of the oc¬ 
currence of colloids in the vacuolar sap of ordinary plant cells, 
but there is no doubt that special cells, such as the guard-cells 
(ScAKTii p. 02), hypodermal and bundle-sheath cells in Bryo- 
phyllum (Lynn p. 127), hairs of many plants, etc., occur which 
contain colloids in their vacuoles. These in many cases are hy¬ 
drophilic colloids such as gums, mucilages, pentosans, gelatinous 
and pectin substances, proteins and phosphatides. Normally 
those colloids are confined to the cytoplasm and the cell wall, 
but in those special cells they invade the vacuole. 

The effects of [H ] changes on the non-amphoteric colloids 
are still obscure. Mao Doikjal’s mass of data (1020) yields little 
of precise value, on account of the mixture of amphoteric and 
other colloids xiscd an<l tho almost complete absence of precise 
j)H values for tho mixtures of acids and salts U8e<l. Proteins 
would appear to ho rare in vacuolar sap (see below) and phos- 
])hat.id(‘s, although they art* amiihotcric (see CIambron 192S, 
l»RVi)i.3 M)2S, also Mac Doitual and Monavjsk 1927), art* so ix‘cent 
that' no certain <lata are available as to their occurrence in sajj. 
'rh <3 increase of the hydrophilic forces of })roteins and other 
amphot(‘ric colloids with increase or decrease of [H. 1 arountl 
a jiarticular zone is well know'ii. • The other colloids aie hj^dro- 
philic by virtue of their surface charges and it would seem theort - 
ticallv probable that changes in the density of tho charge wouhi 
result in changes in the hydrophilic properties. Accurate work 
is noeessary, but the phenomena of colloids in the sap are not 
of general significance, although they may be important in spe¬ 
cial cases, as in guar<l cells of stomata and in some succulents. 

(f) Proteins in Cell Sap. Considering the very small quantities 

of protein found in expressed juices by various workers (e. g. 
Hurd-Kakrbb, Yottden and Hbnny, Mabtin and Inoolu) 

l»iv>loiilasnm-Mi)!»oRraj>hioii TT- Small 22 
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and that these juices are crushed cells with oytoplaHmic admixture, 
it would seem that proteins in the vacuolar sap can be regarded 
as almost negligible. 

(g) Equilibrium Points and Buffering. As has been already 
pointed out (p. 322 and p. 331), in the absonce of citrate buffering 
there is normally, in a buffer complex of organic acids and phos¬ 
phates, a minimal /9 zone which varies in position but. is usually 
in the range pH 5-0 to pH 6*2. With oxalate buffering cotnbiiu'd 
with a strong phosphate concentration the minimal ft zoiu*) may 
go lower. 

In the form of more or loss neutral salts tluwo buffering 
substances may diffuse outwards. For example, in t.h(i work of 
Hikd (1920) and Stilbi.s and JoB^JXiNSiON (191.5) an increast* in 
the external electrolytes (increased condTictance) was found to 
be associated with the decrease in external [H’l and a n*-inter¬ 
pretation of the data upon the basis of an outwanl diffusion of 
buffering substances (op. Stilb!.s 1928, on exostnosis), inst.<>iad of 
an absorption of hydrogen-ions, might ])rove to be a valuabh' 
contribution to this aspect of the subject. As anoth<‘r oxam|>l<>, 
the substances indicated, but not identified, by Youdkn and 
Dbnny are such as would normally ocfoiir in the sap rath<*r than 
in the cytoplasm. 

Thus we arrive at the conclusion that the bufft'r syslcuns of 
the vacuolar sap should bo known both (pialitativoly and <{uanti- 
tativoly before any attempt is made to explain [H ] phcMiomena, 
external or internal, by appeal to the. unknown prop(M*ti(‘s of an 
unknown cytoplasmic mixture. If the known action of tlu* va¬ 
cuolar sap explains the observed phenomcaion w(‘ c‘an r<*st sal is- 
fied; if not we may tlien suggest cytoplasmic efh'cts. 

(h) Membrane Buffering', Bap and. Ci/to-plasni. W<* have 
seen above (p. 323) that cytoplasm exerts a buffer aet.ion by 
preventing the passage of stronger acids or bases. 'I’his may 
result in acid vacuoles or even in some vacuoles being acid with 
others relatively alkaline (c.j). Mktohnikokk), whih’i the (•yto|)lasm 
remains somewhere between pH {>•() ami pH (5-2 (ep. Hoaoi.and 
and Davis 1923). Given the largo protein and j)hosphatide tiontiuit 
with the consequential-largo buffer index of the (iytophism then^ 
is nothing unexpected in this arrangement. 

The acids of the vacuole cannot as acids pass into a st.rongly 
buffered medium of higher pH. The pH of the cytoplasm is held 
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unaltered by the buffer capacity of the cytoplasmic mixture so 
that an acid system entering this medium has its pH raised, 
with a consequent change in the acid-salt ratio towards that 
which occurs at the pH of the cytoplasm. The acid system 
becomes mainly slightly acid salt plus neutral salt, and in this 
condition it may or may not pass through the cytoplasm. The 
balance of the evidence is in favour of a certain degree of permeabi¬ 
lity of the cytoplasm for (neutral ?) citrates, malates and tartrates, 
while oxalates as we have seen are crystallised in the vacuole 
in the form of calcium salts. The relative solubilities of potassium 
and calcium salts in the vacuolar sap are not sufficiently different 
to lead to the exclusive formation of calcium salts of the other 
acids. 

The cytoplasm and sap are, therefore, to be regarded as 
quite separate systems from the pH point of view, with a possi¬ 
bility of the constituents of the sap passing outwards through 
the cytoplasm, but with little likelihood of cytoplasmic invasion 
of the sap system in the normal cell and practically no possibility 
of such a mixing in the case of cells with strongly acid vacuoles. 


22* 



CHAPTER XVITI 

CELL WAI.I. AND pH 


1. The real pH of Cell Walls, — (a) errors of methods; (h) i)H values re¬ 
corded; (c) pH values ill relation to errors; (d) can the pH he d(‘ter- 
mined V (e) the evidence. 

2. pH and Cell Wall. — (a) cellulose; (b) li^Lj^iiin; (c) siiberin; (d) (‘uiin; 
(e) equilibrium points; (f) membraiu^ buffering; wall, c‘-ytoplasni and saj). 

1. THE REAL pH OE (ELL WAI.LS 

Whereas the conditions in the aap appear to be similar to 
those of free aqueous solutions and those in the cytoplasm are 
dominated by protein and phosphatide colloids, tlie plant cell 
wall must be regarded as \isually a cellulosic colloidal gel with 
aqueous solution in the disperse phase, with variatioiivS caused 
by admixture of pectin substances and other types of substances 
such as lignin, suberiii and cutin, which further may form more 
or less pure layers of non-cellulosic nature. The determination 
of the pH of such material presents considerable difficidti(\s. 

(a) Errors of Methods. Some of tlie metliods applic.abh* to 
the vacuolar sap can be applied to the aqueous fluid of the tvtills 
and the same errors wiU be possible. Using microscopic*- examina¬ 
tion of sections or pieces immersed in indicator fluids therc^ will 
be several other errors of special importance in eonneedion with 
the wall fluids. Expressed saj) results can be neglected (uiti!•<*!>' 
and hydrogen-electrode methods would appear rather iinpossil>l<u 
Using the R.I.M., the main difficulty is that the wall fluids 
are free to mix with the indicator fluid. Unless the wall fluids 
are moderately acid in reaction and moderately buffered, the\^ 
will show the general colour of the immersion fluid even aftiu- 
being rinsed in neutral water. This is the neutral colour in all 
cases and so there will be always indeterminate results. 

The solid phase of the wall is naturally insoluble in wat(*r 
and. will not show the normal dissociation phoiaomena of aqueous 
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Bolutionfl. The R.I.M. letter symbols axe, therefore, used through¬ 
out the discussion of solid phase colour records. Indicator 
dyes may not be taken up by the wall at all, or they may be ab*. 
sorbed or adsorbed to a varjdng degree. The actual tint of the 
indicator in this case will depend upon various factors, such as 
time of immersion, time of washing, ph 3 rsioal condition of the 
wall and its chemical composition. Tint-comparison methods 
are, therefore, to be avoided completely. 

Colour indications, as used in the R.I.M., avoid the errors 
of tint-comparison methods, and definite coloius are obtained 
for some types of cell-wall, solid phase as distinct from wall 
fluids. 

The lipoid error, which may be important in some cell walls, 
has boon discussed in detail on page 30, and is further considered 
below on page 344. 

(b) pH Valii66 Recorded. Atkins gives some data for coll 
walls which are, so far as definite colours are concerned, in agree¬ 
ment with those found by the R.I.M. (see p. 98). Throughout 
the R.I.M. survey it was found that cellulosic walls never gave 
distinctive colour differences, except in the potato and when the 
cell-sap was of the acid typo as in the various acid families. The 
colour-changes in the walls of Pelargonium and some other gene¬ 
rally acid stem tissues corresponded closely with those given 
by the sap, but the colouration was not so deep; and a clear colour 
difference was found under certain conditions for the potato 
tuber and in Taxue. This may indicate that the wall fluids of 
cellulose walls are more or loss of the same pH as the cell sap. 
Whore the cell-sap is yellow with diethyl rod and yellow with 
hroin-crcsol purple (pH 5'9) the faint yellow is very difficult 
to (ILstinguish from the natural colour of the wall and still more 
difficult to distinguish from the neutral tint of the indicator 
fluids. 

The other wall-colour changes obtained may all apply to 
thc! solid phase of the wall and, with a few exceptions, imlicatc* 
relatively acid walls. These relatively alkaline exceptions arc — 
1. The alkaline epidermal hairs of the sunflower (p. 192). These 
are hairs with a multicellular base; the long apical cell gives 
a deep blue with B C'.P. and B.T.B. and shows the alkaline 
colouration for P R., N.R., C.R. and thymol blue, but is 
colourless with phenol phthalein, thus indicating an apparent 
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pH between 9 and 10. This iw the highoHt value rocenlod 
throughout our survey and appears to ho ciuito oxcef>tional. 

2. The oallus-blockod sieve plates of the phloem in the sunflower, 
which are blue with B.C.P. but show no trace of blue with 

indicated range <i (pH (i-2 ca). The contents of the 
same cells varied from the range pH 5‘2—4'8 tip to pH I)‘9 ca. 
This wall structure appears, therefore, of a similar reaction 
to the sap of some algae and fungi (see p. 93). There is no 
evidence, however, that the sieve-tube contentu are normally 
alkaliiie. The contents arc, in fact, frcqiiontly as acid as pH 
5-2—4-8 and have not boon observed to bo higher then pH 
6‘2 ca. 

3. The walls of the sieve-tubes in Equisetum (see p. 9(>) which 
gave the same reaction i) as sunflower callus-plates, with 
contents also at pH 6*2 ca. 

The acid colour-conges were obtained mainly in ligiiifiod, sub- 
erised or cutinised walls, the acidity indicated was usually in tlu* 
range h (pH 4*4—4*0) passing sometimes to k (pH <3*4), bcyon<l 
which point wall reactions have not been investigated. It should 
bo observed that the lowering of the apparent pH with progr<^SBiv<*. 
lignification can bo studied in a scries of sections from the t>ip 
of the stem downwards. Suberised walls also gave colours indi¬ 
cating range k (i>. 194); cuticle varied from c (pH 5-2 —4*8) down 
to i (pH 4*0) or even to the k range. 

Acid colour changes, giving faint pink with 1)1011 and MR, 
and alkaline colours with all the lower in<licutt>rK (rang<^ c) were 
also found frequently in oollcnchymatous walls, and ocicasionally 
in sieve-tube walls and some apparently cellulosic walls of i)a- 
ronehyma. 

(c) pH Values in relation to Errors. Liquid - - A 

coixsidoration of these data shows that the pH of tlu* fluid ])hns<' 
of the wall can be determined with as reasonable a d<‘gr(*<* of 
accuracy as can that of the vacuolar sap, provided l.hat tin* fluid 
is acid to HHJR or MR or both; an<l that the j)H of a wall flui«l 
botweon 5*6 and 6*2 is very <lifficult to observe. 

Less Acid Walls. — When the colour changes of th(* soli<l 
phase of the wall are considered wo come at once to the nxost. 
obscure problem of tissue reactions. The structures giving r<‘la- 
tively or actually alkaline reactions do not a^xjxear to bo solubh' 
in water, but it is possible that wo arc dealing here (a) witli rela- 
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tivoly alkaline wall fluids or (b) with bases adsorbed by the wall 
but still capal)lo of exerting a strong buffer action so that the 
carl)oiiio acid or other weak acid of the fluid phase does not 
produce acidification. Phosphates are not impossible (cp. Czapek I 
p. G81); as calcium phosphate they would be relatively insoluble 
in the aciuoous phase. Pyrophosphates and organic phosphates 
appear a i)ossibility, especially after the recent work of Lohmann 
(1928). Other possible sources of the relatively alkaline solid 
phase are the phosphatides, of which lecithin and kephalin do 
not appear very probable, while sphingomyelin is not yet known 
in (Pkyoe p. 204). 

''J''he ether soluble, nitrogen-free calcium phospliatide iso¬ 
lated by Uhibnall and Channon (1927) ajipears to be a distinct 
possibility since it occurs in plants (cabbage and Richms leaves) 
and shows an excess of unsaturated over saturated fatty acids. 
The fatty acids of this phosphatide are linolic, linolenio, stearic 
and ])almitic. As a calcium salt this phosphatide might give 
the colour reactions observed. Further work on this problem is 
suggoste<l as of interest. 

More Acid Walla, — While it is possible that the less acid 
walls are wet in the solid jdiaHe, the lignified, suberised, or cuti- 
nised wall substances arc generally regarded as immiscible with 
water. Normal ionisation phenomena are to be considered as 
absent from the more acid solid phase of the wall. The indicator 
dyes i)cnctrato these acid walls and show colour changes, ‘acid’ 
colours with some indicators and ‘alkaline’ with others. Ap- 
])arently "aomciJiintf is being measured which is greater in relation 
to the higher indicators (BCP, DKR, Mil) and lesser in relation 
to th(‘ lower indicators. There ai>j)ears to ])e a progressive increase 
of this \so 7 Nrf}iiN<j' with maturing of the cell-walls conceriu‘d, 
HO thiit gradually becomes greater evi^n in I'elation to th(' 
lower indicators (BAN, B(*(} and BPB) and then gives 'acid’ 
colours with these indicator dyes. 

The absence of water from these colouretl solids j^ossibly raises 
the problem of the dielectric constant and its influence ux)on 
ionisation iiheiiomcna. The presence of fatty acids and or salts 
or esters of fatty aci<ls means that this constant w'ould be very 
low. With water at 81-7, acetone at 20*7, toluene 2-31, benzene 
2*20, lignin and suberin would probably be lower still. The degree 
of ionisation of the indicator dyes in the walls would appear to 
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1)0 negligible. The "something^ which in nH^iirturcd ih (flcdirly not 
ionic ooncontration, whether i<)niHal)lo hydrogen <Io<4h or do(‘M not 
outer into tliosc colour changcH in acid cell whIIh. 

It iti hero HiiggcHted an a poMHibility that the c^olour e.haiig<^H 
with aci<l cell walln arc duo to reactioim between iudicatoi'H and 
the fatty acidu or anhydrkloH of the wallrt. I’huH, if the acidn 
of the wall are stronger, (not in their ioniHation but in their avidity 
for tlic alkali hixse of the indicator-salt), than t.lu» aead of th<‘ 
indicator-dye, the base of the indicator will j)aHs t.o tlie wall- 
acid, even in a relatively non-ionised mixture, leaving t.lu' iiuli- 
(uxtor-acid in the free condition. Whether tins indictator ao.id 
shows the same colour under those conditions as it clocks in a({U(^oiis 
solution is one of the chief problems still to be solvtul, and work 
on theses linos is proceeding in this Deparimont.. 

Felargonic acid, OHjj((iHa) 7 f'iOOH, may be mcmtionc'd as 
an intermediate^, member of the acteiic-stearie. s(u*i<ss. ''riiis acid 
is an oily liquid, soluble in watc^r only to the (^xt(‘nt of about 
•0025 percent w/v or, •()()0()2 molar. I’he a(|ucH>uH solution givers 
acid colours down to BCG and alkalinct ctolours with HFBand 
thymol blue (acid range), indicating a j)H 4d)w. An c'xctc^ss of 
the acid shaken with aqueous indicator solutions takes up the* 
indicators and shows distinctly thc^ acid (colours with ncmtral 
red, PR, BTB, BCP, BAN, B(HJ, B.P.B., and thymol blue (acid 
range), corrcw])onding to j)H 1-4. The' c^olour given by MH and 
DKR is neutral with pure acid and a<|u<M)Us indi(*at.or solution, 
but the acid mixes freely with alc^oholie. indicator solutions giving 
the deep red colour. Wluni this alc^.oholict mixture^ is dilutc'd with 
three or four volumes of water thc’^ acid s(‘parat<'s out carrying 
a <leep red colour into the oily layer, ^fhe aedion of mix(Ml or 
impure solvents may be effective, and tlic wall subHt-an<*<\s may 
exert a similar action. 

The acid ty])e of wall substance eoiu'crning \vhi<‘h tlu' most 
definite information is available is sulx'rin. Ijignin still sufhu’s 
from the hadromal controversy*), although the c(u*chr(>sid<' and 
}>hoRpliatide affinities of lignoeeric aci<l may l<‘ad to a solution 
of this problem (ej). (Jzapkk FII, j). 790). dutiii is similarly ob¬ 
scure. Concerning suberin, Sourti aii<l Tommasi (1013, lOH) s(‘<‘ 

1) For a convenient summary of the ligiione complex, k<v Douhi-. 
and Bakton-WRIGHT (1029). 
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(Ikapkk I, p, (598, III, p. 790) have shown that (1) the so-called 
lilicllonio acui is a-hydroxy-behenic acid Cg 8 H 4403 or 0 H 3 ( 0 Ha)i 3 - 
(IHOH . (tOOH a hydroxylated derivative of one of the acetic 
HorioH < 1,1 Ha„ 02 ; (2) the so-called suberinlc acid is rioinoleic acid, 
<5i«H34<)6 or (5H3(CHa)5CHOH CH* • CH = CH ■ (CHg), • COOH. 
a hydroxylated derivative of one of the oleic series Han- 2 O 2 , 
prol)ai)ly oleic acid itself which written to show the similar struo- 
i.ure is (}H3((1Ha)B • CHg • CHj ■ OH = CH • (CHa), • COOH. The 
iihinl fatly aoitl of suberin so-called phloionic acid, is according 
to SoiiKTl and Tomimcasi a tri-carboxylio acid with 25 carbon 
aiioins, <lorivod from the usual fatty acids by oxidation. 

While these acids arc present partly as salts in the walls, 
the free condition in part seems indicated and the maturing 
tfhangtis would thou bo progressive dehydration with formatioii 
of ))ossihly more complex and more acidic anhydrides. Hjsr- 
KnoTs (1924) found the fatty acids in potato-wounds more mobile 
at low pH and more easily oxidised at high pH values, whicli 
lal.t(u' promote the fixation of the fatty acids in the walls. The 
hydroxylation and the double bond are both factors which give 
a greater avidity for base to these fatty acids. The use of Nile 
Blue, whioli changes at a high ]>H, as a test for free fatty acids 
and neutral fat would ajjpear significant in this connection. Wo 
are led, thert^fore, to the tentative oonchision that, using the 
R.I.M. oti a(!id cell walls, we measure, not the pH, but the strength 
of the. various fatty acids ]jresent. Further work is being done 
t'O lest t his Jiypothcsis hut it must be remembered that here we 
an' working in the region conceniing which Clark (1928, p. 7) 
writes, “Kven i)eyon<l the measurable lie cases for which the 
prosuin|)tion of ionisablc hy<lrogen is often useful.” 

(d) ('an the. pH be determined i As with cytoplasm and vji- 
eitolar saj) the answer to this cjucstion cannot i)c an unqualified 
Yes or No. 

The pH of the liquid phase can be detennuiod liy means of the 
Bi.I.M., if tho wall fluids are acid (below jjH 5*2), but not if they 
arc between j>H. 6*2 and pH 6*2, the points at which methyl red 
goes distinctly red and brom-oresol purple goes distinctly bluish 
respectively. Beyontl pH 6*2 the problem of whether the colours 
arc duo to tho liquid or the solid phase or both remains unsolv'cd. 
'Che examples are very few, and this forms one t)f the special 
investigations which were looked for during our general survey. 



346 


CHAPTER XVIri 


The ijH of the tiolid phase cannot, in the ordinary meaning 
of the symbol, bo determined at all in tlu» a]>sence of normal 
ionisation; but by ineauH of the R.T.M. we can measure something 
which may be the base avidity of the acids concerned, and aftc^r 
all hydrion concentration is only one way of measuring the streugl.h 
of acids. 

(o) Tlie Evidence. Jn cojinection with the reaction of walls 
to indicator dyes the main evidence has been obtaiiusl <luring 
the R.I.M. survey and is detailed in Chai>terH X—XIV. '’I’Iki 
ovidonoo, therefore, is entirely concerned with the reaction of 
the wall fluids and solid sidjstancos with indicator dyes, and its 
significance varies with the j)hase, fluid or solid, and wii>h the 
ax>parent reaction relatively alkaline or relatively acid. '^I’liis 
has been discussed above. 

S. pH AIVJD THE OELIi WALL 

As with cytoplasm and sap wo can distinguisli clearly be¬ 
tween the actual or apparent jjH of the coll wall and tiu* infliuMicc 
which the coll wall has u^Jon the phenomena of hydrion c<»nc<‘n. 
tration in the cell or tissue. 

(a) Celluloee and allied materiale. Aoconling to OdiIin (I{)](>) 
the ordinary coll wall includes what he classes as iiec.tin-snhst ancc's. 
A number of plant mucilages aiul gums wt'rc included in this 
group on account of their known acid nature tnul tlu'ir siinill 
‘real’ solubility. The pectins as defined wi>re eonsi<ler(‘d to !><• 
imimrtant not (nily as binding materials but. also as (>II rt'gu- 
lators. discussed the effects t)f acids and alkalit's mainly 

from the point of view of decomposition of caleiinn pee.tal(‘ ami 
the swelling of the ]>octin thus liberated. 

According to Piuestlky (1924) “fats, fatty acids or soaps 
can bo dotectod in the walls of plant cells from a v<‘rv <‘arly stage 
and appear to bo present as early as tlu' e.t*Ihdos(' and peetie, 
substances regarded as typical of the plant wall.” ’FIk* same 
author emphasises the ]>hysiological impor1an«'<* of the fats ami 
idiosphatides found by HANSTKKN-OitANisKU in “tin- imMubram- 
of normal parenchymatous tissues." 

A summary statement of the effect of acids in bursting c<>Ils 
of various kinds is given by Lnovo ami (’lkhla (192(>). 'I’he 
material xised includes pollen grains aiul j>ollen tailx's of PhaHcotKK 
odoratus, hyphae of the fungus Basidiobolua ranaritm and apical 
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rogioiiH of the algae, TrerOepohlia, Clado'phora, Vaucheria, Bor- 
tietia etc. I’ho high apood of action and the fact that the acid 
buratH the cellw before it penetrates and coagulates the cytoplasm, 
in Bomtiui changing a natural indicator in the cell, led T^Tt.h htt.a 
and Mukavigk (1922) to ascribe the main rdle in the explosion 
to the cell wall. They considered that adsorption of the hydrogen- 
ion by the wall changed suddenly the degree or sign of the electric 
charge. The cytoplasm of Basiobolus is almost or quite imperme¬ 
able to strong acids, including *00005 N HCl which gives bursting 
in 30—00 seconds from first contact. 

LcjOYI), for i)ollon grains and tubes, concluded that the 
acid penetratcxl both wall and cytoplasm rapidly giving first a 
swelling of the cytoplasm (leading to bursting) followed by coagu¬ 
lation. Lloyd and Ulbhla, in collaboration, came to the con¬ 
clusion that the sudden bursting in acid “is directly connected 
with sudden changes in the biocolloids whether they compose the 
cell wall or the protoplasm.” Methyl red was used as an internal 
in<licator for i)ollen grains and changed from yellow to red within 
ton hccoikIh or loss of tho first contact with 1/800 N HCl in 1*5 M 
sucrose, but coagulation was found on immediate crushing of 
tho grains under the cover glass. 

Later work, detailed in tho abovorinentioned joint paper, 
le<l these authors to tho conclusion that in the stipe of the marine 
alga Postzlsia pahnaeformis “some irreversible change similar to 
death hajipens not only in tho protoplast, but also in tho cell 
Willi.” “(Swelling curves obtained with dead material indicate a 
behaviour a])]iroximatoly between that of agar and of gelatine 
gcsls with strong evidence of an isoelectric point at ca. pH o*!).” 
'I'llis isoelectric point of dead material is probably not unconnected 
with the agar-like algal material used, but the “death” of the wall 
as well as of the cytophisin intrtKluces the conception of a “living” 
cell wall in which any or all of tho pH iihenomena of cytoplasm 
as described in Chaj^tor XVI may apjily. There might be a 
similar dominance of ampholytic colloids, as agar-like protein.s 
or [lectins or phosphatides with a similar strong buffering even 
in th<i region of the normal pH range, because of the large concen¬ 
tration of buffering substance; but strong buffering does not 
agree with tho rapid [lenetration of the wall by strong acids noted 
by both these authors. Strong buffer action in any zone or film 
means relative insensitivity and relatively low permeability to 
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all strong acids or alkalies, at least so long as the Koucr or film 
retains its original buffer capacity. 

We are, therefore, le<l to the ooiiclusion that the ainpholytie 
colloid content of the wall must be small enough to give a low 
buffer capacity, while it is largo eixo\igh to determine the eleetro- 
surface phenomena such as the sign and density of the charg(>, 
an alteration of which gives rise to the ‘death’ ixhunoniena 
observed. 

With the electrically neutral general uelluloso frame-work 
wo must clearly be preparetl to have other substances which may 
have a marked effect upon the reactions ami permeabiUty of the 
wall to fluids of varying hydrion concentration. Furtlier, the 
same abnormal metabolism which rosult^ in vacuolar sap below 
pH 6‘2 may result also in the imj>regnation of the cullulosio wall 
with acid ‘pectins’, so that the acid reaction observed in Pe.hr- 
gonium stem and other generally acitl tissues may not. be due to 
the fluid phase of the wall but to these acidic solid maU^rials. The 
same phenomena may bo responsible for the slightly lower ac.idiiy 
(o)of oollenchyma, e.g. in Lamium p. 143 and Se.necio p. 14<5. 

(b) Lignified Walla. Rohdh did not distinguish betwt'en t he 
various parts of the cell, but Atkins (p.l)8) records scleremdiyma 
as pH 5*2—6”4, wood walls at pH i5’4—5d} for f^alria and dor/ile- 
aria. During the R. I. M. survey the following points wciri* not'i'd ■— 

1 . The unlignified vessel walls of Hvdvra hypocotyl wen* in llu' 
range b. 

2. The lignified walls of vessels and traelxuds in young fl(>w<*ring 
stems were almost withoxit exception in t.ho rang(‘ h or lo\v<*r 
in k. 

3. That the lignified walls become more iu*.id on mat uring is 
shown by many records, (a) whore the aci<lit.y imtnwsc's from 
the upper part of the vegetative stem (h or g) t<» tin* lower 
(hk or i) as in several twigs of Aucuba (j). I-Ki) Lhjuatnan 
(p. 148). Rhodod&n.(lron (p. Ifil) and notably in Veronica 
(p. 1/53) and Viburnuin (p. l.'ltJ) where this phenonn'iion was 
very general. 

4. In Halianth/us (pj). 18(5—187) the vascular strands an^ ac’id 
(pH 4"4—4*0) before lignification begins, hut tlu^ xyicim walls 
wore specially notetl as in the range e while unlignified, tsliang- 
ing to h at the expansion of the cotyledons (Table II, p. 18(5). 
The lower range k for xylem walls appears only at the mature 
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fitago in the stem below ground, and for xylem fibres in the 
oldor part of tho root 'at a siznilar age. 

!>. In T^icwt fctba (pp. 230—^231) the procambial strands were 

loss acid in tho seed (pH 6*2—4-8), but changed to h (pH 4*4_ 

4*0) in tho root immediately on germination and in the stem 
before tho radicle was 4cmB. long. Again the xylem fibres 
and also tho pericyclio fibres (p. 236) of the mature plant were 
in sonic casos found to be in range k near the base of the stem 
(p. 233). Otherwise both sunflower and bean have the lignified 
walls of the xylem in the h range. 

(>. Tho pericyclio zone is frequently lignified in parts, giving h 
or i or k for tho lignified walls and pH 5*9 to pH 6-2—4*8 or 
even pH 4*4—4‘0 for the cell contents in the unlignified parts 
of tliis region, see numerous examples in Table VI Chapter X, 
and Tables T, VII and VIII, Chapter XI. The increase of 
a(tidity in maturing was noted in Viburnum (p. 166). 

7. The pericyole in Helianthua is of special interest. In the upper 
parts of tho stem, fibres were not observed by Mabtin (p. 186) 
and tho reaction of the rest of the stem was found to vary 
from jiH 6'9—5‘6 to pH 6*2—4-8. Fibres appeared in the 
l<jwor parts of tho stem and the upper part of the root, at the 
third or fourth stage as h passing to hk or k in the mature 
j>lant in all those parts of the plant. 
iNooni) and Smaix (1928, see p. 57) record the presence of 
a group of colls in the sunflower, which occur in the cortex oj)po- 
sito the grou])s of pericyole fibres. These cells, some of which may 
b<< actually in the endodormis, show very decidedly red with 
methyl rod (jiH 6*2). They liave been investigated in detail by 
T. iNOoi.i) (unpublished work) and have been found to show 
very small inierct^lular spaces filled with an oily fluid which 
l•ca<lily takes up t.h<‘ (neutral V) form of the indicator. This oily 
fluid in th<‘ int<*rcellular Bj)aces may or may not be an excretion 
frcjm th(^ acid cells, ami it could apparently travel via the endo- 
d(‘rmal walls to the lignifying walls of the pericyclio fibres just 
witiiin tlu' grou]) of special acid cells. This forms another problem 
for furth<‘r investigation. 

'rhes<‘ ittuns for lignified cell w'alls are in general agreement 
with t.he suggestions made above (p. 159). An actual influence of 
pH, as such, iipon lignified walla or upon the process of ligni- 
fioation would appear to be very slight or altogether absent. 
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although acid cell contents would aj)])oar to [)roc.c(lo lignifioatioii. 
Possibly this content-acidity like that of succulents, is anotlu^r 
example of the same cause (abnormal metabolism) giving two 
mutually independent results. Pentosan formation and organic 
acids in succulents may he paralleled by organu? acud formation 
and lignification in xylem, poricycle and scJerenchyma. 

(c) Suberised Walls. The R. I. M. survey was (u)nduciod upon 
material from which cork was as a rule abscuif.. Pludlogon was 
investigated in the sunflower by Miss Martin (p. IlMt). She found 
that the cell contents of the actual cork cambium wt^re ai- pH 
4 *4—4*0, while those of the cells out off towards the outside were 
at pH 5’2—4-8. The dead shrivelled cells to tlu^ outside of tliese 
gave a lower reaction. Later stages were not obsi^rved. Morc^ 
mature periderm in Sambucus stem gave i)H 5*2“4-8 for phellog(ui 
contents with the range k in the suberiscnl walls of th<‘ (^<dls on ilu‘ 
outer side of the phellogen. 

Suberin occurs also in the walls of the en<loderinis. "rhe^ wall 
reactions of the endodermis are not recordt^d fn^qucntly; but h 
and g occur for OerasHum (p. 137). Inthe (md<)<l<'rnial 
contents had a pH similar to that of the cortex in th<‘ ui)p(‘r parts 
of the stem, but below ground, in stem and root., tin's re<‘or<ls 
indicate acidification and possible extensive siilx^risation of t.ht‘ 
walls to the ranges h or k. 

Suborin is a waterproof materiah the intportancx^ of which 
in the life of the plant has been emphasise<l by PitiwsTUKY and his 
collaborators in a series of j)a])ers (see "I'ln" New IMiylologist 
1921—1924, also Proc. Roy. Koe. B. 100, p. 1 19). Th<* maturing 
changes noted for lignified walls are here not so obvious, and it 
is possible that the actual fatty acids found (sex^ p. 345) giv<‘ the 
dyo-reactions and its other properties to sulx^riii, whil(‘ any 
anhydride formation would ai)pear to he more rapid in this case 
than with 'lignin’. 

(d) Cutinised Walls. The acid colour reactions of <njti<*l<‘ 
with methyl rod were noted from the h(‘ginning of tlx* H. I. M. 
survey, but the degree of aci<lity was found to vary; thus it. is e 
for stems in Reseda, Phyllocactus, Nenecio, iMpsatm; h for sttuns 
in Oheiranthus, Ligustrum*, g tov IIaworthia leaf, Kuphorbia st<un, 
Aucuba stem; i for EcMnocactus\ k for Gastvria, Puya, Rhododvn- 
dron leaf; e or g for Primula leaf; g or i for Aucuba leaf. lUdi- 
anthus annuus shows h distinctly in the cuticle of tlic stein as wtdl 
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as in tho cell contents of the epidermis, with an unstained cellulose 
inner layer to the outer cell wall. 

The fact that this acid reaction is given either only or more 
strongly by the outermost layer of the cuticle would seem to 
indicate tho influence of acid poetic substances rather than fatty 
acids (cp, LamatiAre, cited by Lee and Priestley 1924). The 
cutinogenic fatty acids are still obscure but for indicator dyes 
poetic reactions may be more important. 

(o) Equilibrium Points. Apart from the observations of a 
series of iiossible isoelectric points for the artificial cell membrane 
investigated by MAoDou(;^AL and Moravek, the only case of an 
apparent isoelectric point connected with the wall structure is 
that recorded by Lloyd and ITlbhla, see above p. 347. There an 
agar-like composition of the wall seems probable and the case 
does not apply to higher plants. 

Nevertheless, the presence of phosphatides and pectic sub¬ 
stances acting as bxiffers within more or less definite ranges of 
pH might lead to the so-called isoelectric point phenomena 
being controlled by the wall substances as well as by the buffer 
c*.ontcnt of the vacuolar sap. This might account for the odd 3 % 
in a<3id fluids and tho 26% in alkaline fluids found by Youdbn 
and Denny as the residual buffer effect of the potato tissue, 
after deducting the effect due to water extractable substances 
whicdi wore presumably the buffer systems of the sap. 

(f) Affmhrane. Hufferhigi WalU Cytoplasm and Sap, We are 
now in a position to envisage the plant cell as a wliole, made up 
of three ])arts, wall, cytoplasm and sap, and to consider the i)H 
pluMioinena of this system. 

sap we have found to be an aqueous solution containing 
a variety of biifh^r sysU^ins sometimes very weak as in the sun- 
flow(*r and at others of varying buffer vahies as in the ])road bean 
and fK)taio, leading up to the strongly bufferiid saps of some 
siK3culcntH- (Whoiiic acid may, and ])robably does play a part in 
determining the actual pH of all but the more acid of these 
systems. 

The. cytoi)lasm we have found to be a strongly buffered 
colloidal mixture mainly of ampholytes, showing probably a 
very limited range of actual pH (5*0—0*2). This strong buffer 
e.apa(tity in itself w( 3 uld make the cytoplasmic layer an effectively 
buffering membrane so far as strong acids and alkalies are con- 
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cernecl; but the passage of weak acids, notably carbonic^ acid, and 
to a lesser extent the passage of weak alkalies would not be (dfoetcMl 
to the same extent. The colloidal structure of this ineinbraiu^ 
with its accompanying surface-charge phenomena would strengthen 
considerably its cffectiv^oness as a buffering membrane. 

The wall we have found to vary considerably in <^omposition. 
The siiborised wall as a waterproof layer does not fxu’jnit of hufhu’ 
action. The lignified wall with its many thiniun* unligtiifiixl pits 
and other portions may leave the buffer phenomcma of any 
particular cell similar to those of uulignified e-ells, Tlie (‘utinis<xl 
wall may be poetic in nature and more or less similar to normal 
parenchymatous cellsThis woukl a[>pear to bo the <iase with 
the exine of pollen grains, if the all-over penetration of ac^id fluids 
noted by Lloyd and I Jldhla (192B) bo general. Finally it would 
seenn that the ordinary typical cellulosic wall may be dominat.txi 
by its poetic and or pliosphatide content, so that in it/ we nuiy 
got membrane buffering somewhat like that of the cytoplasm, hut 
not so wstrong^). 

The vacuolar sap is, therefore, surrounded by at least one 
very effective buffering layer and possibly by a s<H*()n(l rather 
loss effective membrane capable of similar bufhu* aedion. One is 
not now surprised that, while the pH of the c-yt.oplasm and t-hat. 
of the 'cellulosic’ wall apj>car to be relatively e.onstant (varying 
only within narrow limits), the ])H of the sap is affectcMl very 
little })y the external erwiromuciit-, (exc*ej)ling always lh(‘ n^.adily 
permeating carbon dio.xide), hut it is aff(‘cfed ver\' largely by the 
metabolism of the cell of which it is the iniuu-most part. 

1) RouiMUOJiT (IU2()) detects J^iKsictjzon<‘ plu'uonru'na in the 
stiu<;iriLr Imir of the nettle whieh may iiidieat(‘ hu lUUMiual distid>ution ot 
theH(* HubsUuu'tss iu the cell wall. 




CHAPTER XIX 


BUFFERS Al^J) BUFFER-INDEXES IN PLANTS 


(a) Buffcrin^»: Substances; (b) Sources; (c) Quantities; (d) Buffer Indexes; 
(<‘) Buffer Index Curves; (f) Buffer Complexes; (g) R. I. M. and Buffers. 

Carbonic acid in general and organic acids in many cases are 
the chief agents in the increase of [H ] in plant tissues. The 
removal of carbonic acid, as carbon dioxide, either by gaseous 
diffusion or by photosynthetic utilisation would appear to be 
the chief method of decreasing the [H*] in plant tissues. Few plant 
cells actually produce alkali in metabolism, although trimethyl- 
amine gives a characteristic odour to quite a number of plants 
(S(‘0 CIZAPEK I, p. 780). 

()\ir detailed knowledge of aeid-]jroducing metabolism is so 
itu^agn^ that it would seem better to proc*ee<l })y small steps and 
(letermiiK^ first of all the actual acids produced, together with 
the cjuantities and the effects of the occurrence of these quantities 
upon the life of the cell. In this way we arrive at the subject of 
this e}ia[)ter. The qualitative identification and quantitative 
(l<d(M*mination of the buffering substances in plant juices which 
was a1t(uu[)ted for succulents by Hempkl (1917) has been extended 
in lliis I)t‘partment to ordinary ])lants by Miss S. H. IVIaktin 
(sec ('hapl(u*s X I I—? <iri), })y T T NO OLD (see Chapter XIV) 
and d I. Armstr()N(; (see below). By means of the analytical 
scliemes givcui lu Aj)])endices I and II Ii79, 381) there is no 

reason wliy our knowledge of this part of botanical pliysiolog;^' 
should not be extended rapidly, so that sound generalisation may 
liecome ])ossible. Hempel’s method, apjilied only to Rochea 
and (^otjjledon obvallata, was essentially that of quantitative 
(Jom])ariHon of known mixtures with the natural sap. It might 
be useful still as a check. 

(a) Riijferlng Svhsta 7 ice.^. The following acids have been iden- 
tffied by Martin (]). 208) and Incjold (p. 291) and Armstroncj 
([). 3r>l) as forming, with bases, buffer systems in j)lant juices* 
riotoplartina-Monograjihicii II: Small 23 
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effective hiiff(*r systems in plants ar<‘; 
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The bases associated with these acids would appear to be 
those usually found in plants, namely potassium, calcium, ma¬ 
gnesium. HbmpjbsLi found those, and also aluminium and sodium 
in Rochea and Cotyledon obvallata, 

(b) Sources. The source of the bases is clearly the soil solution 
and the same is true of the phosphoric acid. All these would bo 
absorbed by the plant as soluble salts, nitrates, chlorules, sul- 
j)hates and j)hosi)hateH, 

The sources of the organic acids are still obscure but a i)rob- 
ablc origin of some or all of those may bo traced in the abnormal 
metabolism of the acid succulents concerning which so much 
work lias boon <lonc. Fn general they may be described as arising 
as intermediate produets in the oxidation jiroeesses which yield 
carbonic acid, but the factors which (^arry that process to thc^ 
oxalic acid stagc’i in some cases and only to the citric or malic*, acid 
stage in other cases are still obscure. Hyjiotlu^ses are easy, and 
tho facts are too complex for anything but a systcunatic analysis. 

(e) Quantities, Hkmpjkstj (1917 j). 63) found tliat in tho rc'gion 
of jiH 5*6 thc^ cjuantity of ac:ids in tlie various plants c*xamin(*d 
did not diff(*r gr<*atly one* from anotht*r and that an in<*r<*asing 
divc*rg(*n(*e in acud eontc^nt was found with a natural incu’c^asc* in 
in 1 towards pH 4 in the sajis. These acud <tontc*nt.s can lx* cal¬ 
culated from Hkmpkl’s data as, at pH 4*0, Kleinia Rochea 

“II N, (^ra,HfiuJa *09N- These data were obtaincxl by titration to 
the* lit.mus |X)inti and repres(*nt molar cxincx'ntrations in the* rc*gi<)ii 
of l M to -OSM of malice acid salts or salts of similar (libasi<* acids 
wit.li low dissoc'iation c-.onstants. ()onsi(l(*ring only moiiovul(*nt 
baH(*s and taking Kleisia as (*ont.aiiiing <*(iual parts of fr(*(* dibasic 
acid and a(*id-salt. w<* g<*1 ’OHM, while* with <*(puil parl.s of a<ud- 
salt. and neutral salt- wc> g<*t. *2*1^1.*) ’^riu* pres<*iie<* of calcium and 
magnesium (•omf»licatc*s th<‘ r<*al cxinditions aiul tin* actual con¬ 
centration c'-aii Ik* <l<*tc*riuin<*<l only by spc*cifi<^ cIuantitat.ivc* ana¬ 
lysis of ilu^ jui<*(^, or titration to tlie litmus point, of a solution 
containing (jnly free acid whi<*h doc*H not app(*ar to <x*cur in acid 
suc.cuilcnts (cp. p. 292s(iq.). HKMPBn (ibid. p. (>2) givers data from 
which the maximum possible phosphate (HjjPO.!) cxintcMil of 
Rochea juice (*.an be <<alcuilat.ed as -0023 M ap|)roximatt*ly. 

I) 'rh<* ratio of th(‘ varioiiH sills is (li^irTmiiicd by the pH of t h<‘ 
solul ion, S(‘(‘ p. 71. 
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Quantitative or even ((ualitative tleterminat iouH of H]K>eifi{t 
organic acitiH in plant juicoK are v<*ry ran* in botanieal literaiun<»), 
but useful analytioal <lata ean be fouiul in 'ril>bb*H (1012) ami 
similar boolts of rt'feriMUH'. Sonu‘ of thi'we for fr<‘Kfi fcMuls may l>e 
quoted an fiiving an idea of the tliHiribution and <’oneentrationn 
of organic acidn and i>h<mphat<‘H which occur in partn of the i>lant. 
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iopH 
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axpara^^in and iiialatr 

oiiiolU (*!('. . . . 

bullm 

pri'Hcnt 

ac*otuta, malato 

. 

UMVVi‘» 

•001 M 

oxalait', malatr 

. 

fr<»Hh 

•003 -021 M 

(‘itrata, malntf*, <»\alafa 


tlruxl 

•C«{ -20 M 

riiniarala 

(h<‘(‘ alH<} 'I'ahla XII) 

fruitH. 

froxh 

prcwiit 

variouH naa hojow 


in frxiitH, inalai'CH o<!oiir in tins apple, pc'ar, <{uin<*c, <'b<MTV, 
whito and red eurranlH, idaekbcrry, j>incapf>l<> ami rhulmri); 


1) ABiinTT (102:t) foimd an iiivors»‘ n'lation plicmphiile coii- 

t<*nt timl [H I iiml jihonphilcH uh liiiffcru in planiH. 
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oxalaioH ill tomato, plum, gooseberry, strawberry, and raspberry; 
citrates and free citric acid in lime, lemon, orange, quince, tomato, 
raspberry and gooseberry; tartaric and racemic acids in grapes, 

(d) Jiiiffer htdexea, Aj)art from those already given in this 
volume, see (Jhaj)ters XII—XV, there are few or ho recowls of 
the /{ values for })lant fluids, but in some cases data have becui 
given by previous authors which enable this useful value to Ix^ 
calculated for the fluids wliich they investigated. The values for 
succulents, over rather wide ranges, have been given and discusscxl 
ill Chapter XV. 

fi Values, The following Tables (pp. 358—3($I) give tlie ji 
values for certain acids an<l for some jdaniiS ealeulated from the 
data given by the authors mentionetl. 

'riicse data for fungi will be considered fully in a forthcoming 
contribution to J^roloplaswa, 

(e) Buffer Index (‘Urves, Examined in the form of tabulated 
(lata, buffer indexes are difficult for biologists, who can as a rul(» 
follow the analysis of such ])honoiiiena better when tlie data are 
presented graphically. Two figures have, therefore, been pinqian^d, 
showing how tb(^ bufh'ring eapaeity or buffer iiuh^x of various 
acid-pluH-salt. systems varices throughout pH range*: figure* 27 
gives the values fe)r a ce)neentration of e>ii(%-tenth molar; figurc^2S 
gives the corresponeling values of one or two systems fe)r on(‘- 
hundreth molar, together with lemem juice whiedi is abe)ut *3 molar ; 
this ]att<u* is sojiaraioly graduated on the right. All the* <!urv<\s 
in figure 28 exe?ept le^inem Jui<*e* eoulel, theu*efe>r(*, be*, insc'rte^d as 
very iniieh flat.te*ne<I e*urv<^H in the* basal s(*e.t.ie)ii (() to *01 fi) e)f 
figure* 27, but- by inere*aHing f lu* v(*rt.ieal scale* we* <‘an pre*se*ni- f he*se‘ 
O’OI me)lar (’OOI -•{)]{)[}) e*urve*s more (‘ffe*ejtiv<*Iy. 

Tlu*se* e!urve*s are* e*al(ailate‘el te> 0*2 pll (dia.nge*s fn)ni 1 lie* sa-nie* 
se)urc(*s as in 'Fable* XI. 'Flu* imvlate*, eixalate*, tartrate*, aininei- 
aee^tate* anel suecinat-e^ data we*r(* e>btaine*el in t his I>e*pa.rt m(*nt l>y 
Mr. (1.''F. JNoeiLi) using a ejuinhyelreine e*li*(d.re)el(*. ein 0-025 JM 
solutions. 

(Uiaravtcriatica of fi (Uirvvs. — In e)reler to make* full use* eif 
these euirve^s and tei take aelvantage of the points in whieh a ji 
curve is cl('arc*r tliaii a titratiem curve, tlie eliaracteristics eif t he*H(* 
buffer inelex euirve*s must be stuelied eaivfidly. The main fe‘at-ur<*s 
te) be*, noted are (a) the positiejn anel (h) t\w. eluration of th<^ maxi¬ 
mum in relation to the ]>H range; (o) the positie)n and (el) the 
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HtcopncHH of tho slojio on one or both hUIch of maximum. 
Some organio aoklH pnsH alinoHt dircoilv from tiieir own maxima 
to tho final rapid rise below pH 2*5 in whioli llio ao-oallod buffen* 
value of a water plua strong acid systom takes effc<!t (see figs, 
0 —10); in these cases there is no fall on the more at!i<i sule of t.h<‘ 
maximum (op. tho acetato and oxalate ourv(‘H wit li t lu^ mulalxt 
an<l tartrate curves, fig. 27). 

Phoajihate. — This curve rises to a maximum a<. pif ( 5 *H, 
falls towards pH 7*5 and to zero about pH 4*5, rising again slight ly 
in the region of H 3 PO 4 —KH' 2 l ’04 buffering (pU 2 — 1 ), see also 
figure 12 . 

BicarbonMe -carbonic acid. — This behav<*s in a v<‘ry similar 
way to tho phosphate ciirvo, but tho values in the zoim pll 7*H 
are lower, and there is no second rise on the aei<l Hi<l<*, b(*eaus(> 
below i)H .5*2 all the carbonic acid is free. The maximum occurs 
about pH 6*5. 

Oxalate. — This system is mainly aei<l-oxal«tc plus neutral 
oxalate, with the curve very low in pH .5— 6 , rising in pHl .5, 
to a maximum about pH 3*9, falling towanln pH 3*0 and riHing 
again to its own primary maximum which passos into I.Ik* st rong 
acid-water rise. 

Malate. — This is again an acid salt | lU'uiral salt and mud 
salt acid system, complicated iii this cuisc^ by t.h(' rtiuch <* 1 (>s<m* 
ai)proach of the pK values f<u’ the tw<» maxima.. 'Fliis closcuu^ss 
results in a practically horizontal cuirvc from pH 2 */) <o pH 5 * 0 , 
with a st<' 0 {) drop between pH /> and pH 0 * 0 , passing to zfu'o 
about pH 7*0. 

Tartrate. — Tliis roscml)los tlu' mabit<* tuirvc closely, but has 
a higher maximum and drops in tint zone pH -l—r), insli^ad of 
in j)H 5—(5. 

Citrate. — As a tribasic acud with fairly well sc'paralcMl pK 
})oin.ts, this forms buffer systems with a primary maximum about 
pH 4*(} and two seeondary maxima, one for tlu* first s<<‘p aboid 
1 )H 3'1 and another for the third st(*}) about pll .l-.l. 'Pbis curve 
rises steeply thro\igh the range pH 5*6—(>•(). 

Succinate. — As that of a dibasic acid with i)K values n(*ar 
together this curve shows tho flatness of malatc aiul t art rat <* 
curves, hut it rusomblos tho oitraU' curve between pH 4 and pH 7 . 
Succinic acid is not very common in plants, so that no more need 
bo said. 



lUIFFKRS AND liUFFI^R-INDEXKS IN PLANTS 



Buffer Index C urves for 0*1 molar solutions and for apple juice, maize tops, clover leaves and tops. 
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Afletate.. — Ah that of a monoi>aHic atsitl ilu' acotati^ <Mirv(* 
rcachoH iiH maximum at ft ‘0575, whioli (xtourw about j)!! 4-7, 
witii a fall <m oithor huIo which is more marked iu pH 4‘0 - 4‘7. 
The fall in pH 5—6 iH wimilar to that of the malat<‘ (surve, hut Hie 
acetate curve rosemblcB in general that of Huccinat<‘. 

I’lio ft curvcH having boon eharacteriHcd in thin way, ii. be- 
comoH clear that if there be only ottc. effeet.iv<* Imffer syHttun iu 
a sap, this system can be i<lentifie<l c(ualitatively by eonstrueting 
a ft curve throughout the range pH 3*0—pH 7‘0. Kurtlu‘r, since 
the ft values are directly jiroiiortional to the nmlar eoueent.nvtion 
in a simiilo buffer sysHmi (see^) p. 280), it liecomes possibh^ to 



identify a nihgle. buffer system In sap <iuant.ila1 ivi'Iy as wi'll ns 
(jualitatividy. As an exainjile, the apple juice curve in fig.-7 
from the data given l»y YounisN and Dknnv is <>learly that of 
a ()‘05 molar solution of malates, since it is the sam<‘ siiaiie with 
ibe same position and has throughout about half tlu' vabi<‘s of 
a 0‘01 mtilar malato curve^). Kimilar (luantital ivc* id<Mit ifi<‘at ions 
have alrcatly lieen given for Jiryophj/lhitn |). 20(5 and oilier su<*eu- 
leixts j). 20(5. Sunflower sap (fig. 28) should b(‘ compared with the 
0‘0I M ])husj>hate curve in the same figure. The lower eone<‘n- 
tration of phosjihatc naturally flattens the curves for this sap 

1) The quality er nature of the buffer determiiK's the Hha|«" of th<‘ 
/f-eurvo and its position on the pH scale, hut th<“ (juantity of buffer lieter 
minos the actual values, compare '01 citrate and lumen juice in figure 28. 
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aB compared with 0*01 molar phosphate. Tn the same way the 
curve for the bcaix stem sap is much steeper than 0*010 molar 
pliosphate, but a 0*015 molar phoHphate curve on the same vertic<il 
Hcale would be nearly coincident with that of the bean stem, 
an<l the actual concentration found was 0*0134 M phosphate. 

(f) Jiuffar (Complexes. Tn natural plant saps it frequently 
happens that, although there may he one main buffer system 
whicih is effective in the natural range of pH for that particular 
Ha[), more t.lian one buffer system oc^curs. Tlien it becomes more 
difficult to analyse the ft curve of the sap; for example, clover 
toi)s and leavers and maize tops (fig. 27, data from Haas 1020) 
are ai)par<uitly not dominated by any one bufhu* system even in 
the range of pH recorded. 

The possibilities (^an bo indicated l)y a few simple examples 
from figure 27. 

PhoHpliaie. plus (titrate, — Hquimolar oonoontrations of those 
two systems would give a flat curve, rather like that of maize 
tops; sinee additive effects in the region between jiH 6*0 and 
pH 6*S would prae.ti(Milly c'liminate the dip at A ((*p. also fig. 21, 
(Uiapi.<‘r XIV). lTne(jual <^on<*entrations of the t.wo systems would 
r<‘sult in a stniight ft cuirve with a st-rongc^r upward ii\i, towanls 
the a(ud sid<^ if the (titrate were greater* and a horizontal line or 
an upward tilt to th(^ neutral side if the phosphate w(‘r(‘ gn^ater, 
rathesr like those for clov(‘r tops an<l leaves (fig. 27). 

Phosphate plu^s Malatr, — K(|uimolar conc»t‘ntrat.ions of thos(‘ 
two systems would show a slightly lower hiiffi^r indc^x about 
pH 6*8 ((^) if th<‘ det.i'rininations w<‘r(* niad«' for 0*2 steeps in pM 
hut. (U^t.i^rminat ions for 0*6 or unit. pH would ri^sult in only a v<‘rv 
slight d('pn*ssi<)n or noiu' at all, in lh(^ rang<^ pll 6—(5. With 
inoH' |)hosphat(‘ t.iian malal.<' this dip would he <h‘(‘p<‘ned for 
unit. pH steps and rnovc^d t-o tlu* left, towards K for0*2 steps in 
j)H. With more malate than phosf)hat(» t.h<‘/y eurv(‘ would r<‘s<‘nd)l<‘ 
a ciitrate ])1uh pliosj)hat(‘ curve in the zoiU‘ pH 4*0—7*0 and w'oiihl 
show no decided fall in pH 3—4. A citrate plus phospliate system 
would be very similar, since the phosphate risc’i in pH 3—4(^ompen- 
sat(\s more or less the drop in the <iitrate ft values in that region. 

Phojiphntv plus Oxalate. — In equimok^eular eoiuient rations 
th«\se two systems woiiki sliow a decided dip in ])H 5—1>, al)out K 
(fig. 27) with 0*2 pH Ht.(q)H. lielow j)H 6*0 tliis c!om])l(^x would 
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give almost a pure oxalate ft curve, riHing towards pH 4’0 and 
falling towards pH 3*0, 

With phoHi>hatos plus organic acids the ft curve in all oases 
below pH 5*0 is practically that of the organic acid d- salt sysi.eni. 
It thus bocomos a question of distingnislung between iho ft curves 
of organic acids with (|uantitios at first unknown. 

aingle organic acid -|- salt ilyHtems. — If tlie titration b(‘ 
carried out very carefully to 0*2 or 0*5 pH changes, the form of 
the curve in the unknown solution <5an he used. After a quan-> 
titative idiosphatc detenuination the ris(‘ of phosphate in pH 3 4 

can bo deducted, and tlien it beconu*s possible from tlu^ form of 
the curve to identify tentatively t.he aci<l present, assunung it 
to be a system with only one organics aedd. I'he ft cuirve for each 
acid has quite a distinct form when the position of t.he <*urv<‘ on 
the pH scale is taken into consideration. Kor c*.omparison with 
figure 27, the vertical scale should be in stried. proportion, tlnis 
if the known ft valuers range from *001 to ‘OOD inst<Nid of *01 to 
*09 they should be ])lotte(l so that ‘009 exii'nds v(*rtie.ally as higli 
as the *09 of the figure 27, similarly valiums of *005 to *05 should 
bo plotted so that *005 is near the pres<uit *01 and *04 n(‘ar t h<‘ 
present *08. 

Mixed organic acid -1- salt Hystems, — Wh<m thi^rc* is more 
than one organic acid jm'serit, analysis of th<‘ buffer ind<‘x <*urve 
becomes more difficult. With titration to 0’2 or 0‘5 j)H (*hanges, 
the 2 )resence of oxalate (or siK*cinat.<‘) (‘an lx* susi)<‘cf<'<l \\h<*n 
there is a fall in pH 3*0—3*5. Malate, <utrate and tartrate* in mix¬ 
ture with anything less than c‘(juimoli*cular <^<>ue(*ntruti<)n of plios- 
phatc are stjarcely distinguiHhail)l<‘. In j)artieiilar, a mixtiin* of 
malate and citrate gives a curve which is difficuilt t-o distinguish 
from cither of these alone. The flatness of the malate in pH 2*5 5*0 

and the dij) of the citrate about pH 3*5 -4*0 may show in siinph* 
systems, and if something internuxiiate is obtained mixtur<*s may 
!>(% sus 2 )ected. Qiiaiititativ<^ analysis must h<* <‘arri(‘d out l)<‘f<»n* 
the curves of such systems can In* n'garded as t‘xplain(*<l^). 

Tartrate is very similar to malate and (dt.rat<*, while suceinat<‘ 
and acetate arc very similar to oxalate hut with maxima in 
pH 4—5, instead of in pH 3—4. Those other three acids ar<* not 

1) The buffer vahuss in a mixed syshmi are direet.Iy additive^ 
with tisparagiii present. (( 1. T. Incjold, uni)ublish<»d work.) 
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known to bo widely distributed in plants, and can be identified 
fairly oasily. 

Other Complexes. — In addition to those simple systems the 
bicarbonato-carbunic acid system is practically always present to 
soino extent when the natural pH is above pH 6-6, and mixtures 
of organic acids in various proportions would aj>poar to occur 
rather mf)re frequently than do single organic acids. In such 
cases <j[uantitativc analyses of the sap must bo used in order tt> 
analyse the buffer index curve of the natural sai). This has been 
<lone moTo or loss successfully for the sunflower and the broa<l 
bean (Martin), the x^otato (rNOoim) and certain fungi (Armstron(j, 
H<H» Table XIT). 

As an exann)lo of a mixe<l buffer system wo can take the /f 
(furve of the onion bulb given in fig. 2S. A pure citrate system 
with fi - '0085 between xjH 3*5—4'0 would show a.ft curve, abort' 
the O'Ol Molar level throughout. The depression of the onion 
curve below the citrate curve in the i)H 5—0 zoiu' indicaU's tlu* 
X)resence of a system with lower tlian citrate values be.i\v<‘en 
pH 5 aiul pH 0, This (l(‘f>n?ssi<)n niiglit h(* <ln(‘ in pari- nl h^ast 
to ih<‘ j)h<>si)liat(‘ and/or bicarhoiiatt'. whicli is iiulicati^d by i li(‘ 
upward dispIao<‘!n(‘iit of tli<'» ,oit.raio-lik('!‘ onion c*urv<‘ in tho 
pH d—7 zoiio; but. in tliai c?aso tlio valuos in tbo i)H 5 — zoiu^ 
wouhl b<^ additive for phosjdiatc and citrate, an<l the dc^prt'ssion 
should bo smoothed out. On the other hand a nialat.<% tartrat(‘ 
or acetate system ad<led to the e.it.ratc f)lus phospiutlc' systenn 
wouhl l<‘nd to giv<‘ the <lei)ression ol)S(‘rved in the pll 5 - (> zoiu\ 
If the titration had been earricMl into the j)H 11-1 zon<‘ th(U'<' 
would Inivc* biMMi no diffi(*ulty; a<’(dal(‘ would sliow a fall whil<‘ 
rnaliiteand tartrate would ilisplaca^lu^ (dtrat<M‘urv(Mi|)\vanls. As 
it. is w(* can su(j{fr,si acedaU* Ix^eausc*, afx’ording to d'ihbl<*s, iu*<dat<‘ 
and <dt.ratc‘ havt* actually Ihh'ii foiuul in tlu* onio!\ group of 
t-ahles (s<‘e j). ^}5()). Quantitative a.nalys<‘s an^ r<x{uir<Ml to confirm 
th<‘s<" suggested j)OHsibilities, esi)Ocially in view of lNOoiii)’s snioot h 
iuirv(‘ for the onion bulb (sec p. 360). 

(‘urv(’s for oi.lu^r ))lant saps can be tentatively analysed 
in a similar maiuu^r. Th(‘ smoothly rising (uirvt^s obt.aiiu'id by 
(\^r. Inoom) for (carrot, onion and beetroot (s(X‘ p. 360) indieal<‘ 
inon‘ (*ompli(aite<l buffer conipl(^x<‘s; t.he rise from pH 4 -H l-o 
[)ll 3 1 sugg<'sting oxalat.e or tart.rat<‘, aiul t.he slight. ris<‘ from 
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pH 6’0—6*5 to pH 6-i)—7*0 Huggosting phoHphuto in the l>cotroot 
(seo fig. 28). 

Sujftir (JomplPsrPH and Natural pit Valuvtt, — An («xainination 
of fig. 27 shows that praetic^allv ‘tH tiiie fi tuirves <t<)hh lK‘t\V(‘<>n 
pH 6 and pH (5-2. In tho ahnonco of abiinrinal ni(d.aboliHtn IIiIh 
i« the range of natural i)H in plant collsand apparently also 
in cytoplasm. The reason for this should now bo clear. Any inov(‘- 
ment of the ])H. of the sap (or cytoplasm), eitlxu* in t!u‘ <liro<dion 
of greater acidity or in that of lessor acidity, is met. by inc‘rc*asing 
buffer capacity of the buff<’»r complex i)rosent*). Ku<‘h movonuud 
of tho natural pH will, th(‘refor<\ be retarded to a d<'gr<M‘ <^orr<‘- 
spoiiding to the concentration of the buff<T systc^rti and to tb<* 
extent (within limits) of tho pH swing. Tho natural pH Ituids 
to bo in the minimal fi zone or the valley of the ft cnirve of th<' 
particular buffer complex present, tliat is at A i)H ()*2, or iKd vvcen 
that and F on tho ])H scale^). In the presenet* of abnornml acid 
mota})olism the natural pH will bo Ixdow i)H 5*2. 

Buffer Co7nplexei-i a7\d Isoelectric Points, — Almost e,\aelly 
tho same arguments ap^dy to many of tho phenormnia wh(‘rc‘ th<‘ 
internal buffer systems have an opportunity, during (•‘.xperinnudal 
manipulation, of passing into an external fluid, TIh‘ Ko-<»all<‘d 
isoelootric points would apiK'ar to be Ci(]uilibriiim zojk^h at fli<‘ 
minimal fi values of the h\iffc*r eompIex<‘s pn^simt juid passing 
outwards into th<‘ external fluids possibly at diffeu’ent rat(*s. Tin* 
variation in the rate* of outwar-d flow would account for sonn* 
of the variation in the valu(‘s for the ecpiilibriiiin points n»eonhMi. 

Buffer (^07np!eo:es and Disease, Inoold (p, 2tSS) found no 
correlation between immunity and the buff(*r in<h*x valu(*s of 
potato sap ((^p. Kopa<jzkwski I92S for sc'rum). ('ampukij. (Ibis) 
found that cxtra-radicaic injection of weak solutions of tartaric, 
citric and malic acids rondercxl e.ultivated applets imrnuin* to 
Oidium. farinosnm (B.le'ucofricha) and to e<*rtain insc*c1s. b'liis 
effect might bo duo either to a change* in aedual pH or to a ediange* 
in buffer eai>acity. 

The whole field of tin* relation of the int<(*rnal pH and buff<*r 
values to disease has still to be investigated. Kxt<*rnal pH <»ff<*cts 

1) Algtio and Fungi an* exceptioiiul, h<*<* note 2). 

2) This is not found in the fungi exaiainecL to any iiiurk<*d <‘xti‘nt, 
but the bicarbonate rise is then* ornit-tt*<i. 

3) (lompaire figure 19. 
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on the disease organism would appear to have little importance. 
The important factors are obviously not the residual pH values 
of expressed sap, but the actual pH of the phases of the living 
colls of host and parasite, and the buffer values of these phases 
in relation to the effect produced by the disease. Increase of 
internal [H ] has been noted in a number of parasitic diseases. 
This phenomenon was observed by the writer many years ago 
in the case of leaf-curl of potato, and the results then obtained 
led to the adoption of the R.I.M. for a general survey. 

The possible connection of pH and/or buffer values with 
infection and immunity appears to bo comjdex. The buffer value 
may have no effect in certain x)H ranges, I>ut quite a distinct 
effc<Jt in higher or lower ranges of pH. The whole field is open 
for Hurv<%y and the investigations of the effects of t^xternal ]>H 
variations whicdi have been made arc summarised in M kviuh (1927). 

(g) R.I.M, atid Buffers. A close study of the R. 1. M. indi¬ 
cator scries (p. 49) will show that it is almost continuous; (bS—6-4, 
0-S—6-2, 6-2 oa., (}-2—5-9, 5*9 ca., 5-9—5-6, ryii ca. ; (5-6—4*8); 
5*2—4“S, 5'2—4’9, 4'4 ca., 4*4—4*(), 4"0 ca.; •b4. Tlie bridging 

range d 5’()—4-8, however, does not occur to any extent in our 
recorded observations and this gives a second break namely be- 
tw<Hm 5‘(} and 5-2, as well as between 4-9 and 3*4. The lowcu* 
break does not appear to be important in normal plant tissiu^s 
but another indicator may be reejuired in order to (U)ver tlie 
5*()—f)*2 break. Wo might lower and raise the MR changes to 
j)H n*3 or ])H 5*4 but the orange zone of MR is a p<‘r|)h‘xing region 
of uncertainty and all these tints are better tak(‘n as imlet.<‘rrninate. 
'riie numerous records of tlie ranges e (5*() ea.) and c (5*2—4*S) 
and tlH‘ very h'w r<HJor<ls of d (sc^e Talile IV, Ohajder XI11) must 
im^an idther (1) that th<*i intc'rpreiaiion of ilu^ MR. tints is faulty 
or (2) that when reaction swings take pbwH'^ they pass rapidly 
across tlie range ])H 5*() — 5-2. A possible explanat ion of t he jiIhmio- 
nienon is suggested by the general form of the buffer curves, wliere 
the buffers are phosj>hato and oxalai<^ sysiorns. '^Ilic former steadies 
or buffers the reaction in the natural range pH 6*2—5‘(), while 
t.he latter and allied systems buffer the reaction between j)H 5 
and i)H 3. Botli systems reach a minimum between pH 5-0 and 
pH r>; any factor which tends to changes the ])H of t.he fluid will, 
therefore, be most effective in that range; with the intt^resting 
result that the natural pH of the fluid will seldom remain in that 
I'rotoplaama-Monographien IT: Small 24 
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range but pass eitlier to the acid range below pH 5-2 or t-o the 
relatively alkaline range of pH 5-6 oa., or above. Where citric 
or malic acid or both occur the range d is more likely to be obsc^rved 
as these form buffer systems active in the range pH —5’2. 
Malic acid is found in Vicia faba, and so is the range d, see Tables IV', 
V, VT, Chapter XTTf; compare also Table XXV, wit-h Table XXIV 
in the same cliapter, whore a pure j>hosphatt‘ systcmi luis not tin* 
same buffer effect against COg that is ijossessed by tlio malate- 
containing bean sap. 

Wo come hero upon certain fundamentally <liff<»r(*nt. types 
of ceil metabolism. 

The first typo is that of the normal |)aronchymatKuis <«*lls or 
tissues in plants. In this first typo the fluids an» only very slightly 
acid pH 5*6—6-2, and flxictuations within tliis range ar<‘ probably 
governed mainly by the carbon dioxide content and e<>nt.r<dl(‘<l by 
the phosphate buffer system and/or the bicarbonate-carboni(t a<’i<l 
buffer system. Those would appear to bo the conditions !iiuU‘r 
which normal respiration, carbon assimilation, initial wound nnu*- 
tions (op. p. 266) and turgidity changes j)roceed. 

The second typo is that which results (1) in diffc^nuitlation 
of tissues, within the plant; acid epidermis and <l<‘nnat.og<‘n, 
lignification, suberisation, cuticularisation, <l<‘velopm<mt. of xyleni, 
ondodormis, cork, and root tips; an<i (2) in a diffenuit.iat.ion of 
types of metabolism as characterising c(^r(.ain groups of families, 
isolato<l families, or isolalKMl genera within normal fainili<‘S. In 
this second ty|)e the <uu'bohy<Imt.e kaiai)<>IiHm would app<'ar to 
bo not the normal process of complete oxidation to (larlxm <lioxi(i(> 
and water, but an incomplete oxidation resulting in tin* product ion 
of organic acids cither <lirectly or indirectly as l>y-pro<lucts of 
main metabolism. 

This type of metabolism occurs in normal plants wlxui th<> 
carbohydrates are being used in the formation of ligtiin, suberin 
and cutin. Whether tlio fatty acids direel.ly <!one(*rne«l giv<* a true 
virage with indicators, as do acetic to j)elargonic an<i tlie lower 
fatty acids or whether they take u]) only th(< neutral form of some 
indicator dyes as does oleic acid, in either ciuio t.his mel>al>oliHin 
would appear to bo associated with the production of nci<ls which 
do give a true virago with most indicator dyes. Differentiation 
of walls is, therefore, accompanied by this acid tyxjo of inotabolisni. 
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This type of metabolism also appears in special groups of 
families or in isolated genera where the normal complete oxidation 
of carbohydrates does not occur even in the parenchymatous 
tissues. The acidity in this case may be due to various organic 
acids, oxalic in Polygonacoae, oxalic and malic in Aizoaceae, malic 
in cacti and some JRosaceae, isomalic in Grassulaceae, etc. 

The differentiation of these two types of relatively alkaline 
and relatively acid metabolism was one of the first points in the 
R.I.M. general survey. It can be seen using only the one indi¬ 
cator methyl rod, and was noted but not developed by RoHDii in 
his 1917 contribution. 

The fluctuation in reaction of tissues with the acid typo of 
metabolism would ap^jcar to be governed by the type of acid 
produced and tiie concentration of tliat acid and not to any signi¬ 
ficant extent by the carbonic acid content. The reaction in these 
cases would be controlled by an organic-acid j)lus salt buffer 
system or a mixture of such systems. The scheme of analysis 
given in Appendix T1 enables us to determine the identity of t lu^ 
main buffer systems and to get some ((uantitative i<leas of the 
parts they i)lay witliin the tissues examined. 


24 * 
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PROBLEMS RE-STATEI) 

Having brought most of the known factn togt^tlu^r, w(* are 
now in a position to (jonsider how far the problems, whitdi 
raised more or less a priori in Clhapter 1, hav<‘ Ix^eiti solvc-d. 

FROTKINS 

These have been found to be more rostricdcHl to th(5 (\vtoplasni 
and much less effective in the sap and wall than at onc" time* s(‘e- 
med possible. The ])rotein ])roblems ar(% th(‘re?fore, (‘onfiiu'd to 
the cytoplasm. Tt has also been found likely that, in th<^ plant 
coll, the real pH of the cytoplasm does not vary in tlu’s living <‘(^11 
beyond the range jjH 5*0—0*2. Pract-icuilly all tin' expc^rirnc'ntal 
investigation of the ndation of (cytoplasmic* f>h(Uiom(‘na to [ IF ] has 
been coTulucted with (‘xtcu'nal fluids or intcu’nal sap Iviiown to vary 
beyond this rang(\ Thecre has been no inv<\st igat ion of eyloplusniie 
I)hcnomena during whi(*.h the ncal j)H of tlu^ living (‘vtoplasin 
has been kcj)t under observation, exe(^pt. thoscc of Kuwada and 
Sakamura on chromosomes. Our knowhalgc^ of these i)henonHuia 
is, therefore, confined to such as are aff(u*.t(al by tln^ pH of the* 
fluid in external or internal coritacct with tlio cytoplasm. 

The i)hysical condition of the cytoj)lasm has Ixmmi shown to 
undergo changes which are f>()ssibly relatcnl t-o pH variations 
induced by external earboiiicc ac‘id (,Ja('ohs) and th(\s(^ ehang(‘s 
are such as would influiuKcc^ st.rongly tfuc s(*mip(‘rm("al)l<^ propc'rt i<‘S 
of the layer. It has been found quite; ccommoidy that strong accids 
do not have this effect, so that we have ratluu* d(dinit(^ knowhalgc^ 
that carbonic acid is an important substance in redat-ion to tlu^ 
cytoplasm. Much more investigation is re(pur(‘d l)efore w(^ can 
be said to know what happens und(^r natural conditions with 
natural intercellular concentrations of (*arbon dioxide. 
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CoiKsoruing the Btability of cytoplasmic protoins, wo know ( 1 ) 
tliat they are more or leee stable between i)H 5-0 and pH (5-2, 
(2) that they can eiidiiro an external or vacuolar [H ] of pH 4-S 
passing in some oases to j)H 4*0 ca, or in special cells to i)H < 3*4, 
aiul (3) that in special cases the external i>H may even go below 
])H 1. We know very little indeed about the actual protein com¬ 
plexes present in the living oytojdasm. 

Those pH relations apply to the ordinary plant cell an<l to 
vacuolated moristoin-cells such as occur in cambium, but the more 
or loss non-vacuolated cells of apical meristoms are dominated by 
cytoplasmic buffering and as such are subject to fluctuations 
beyond the range pH 5-0—6*2 only in the external fluids. In 
these cells the hydroi^hilic ami swelling properties of colloidal 
])rot.<Mii may bo effective bui«, in the vatmolatcd c(^ll, permeability 
(*.hangos would aj)j)ear to be the only important characteristie 
affected by [H'J. 'J^he evidence recorded for iscj-eleotrie ]>oints in 
plant cells and tissues is in a very large measure coucerncMl cither 
with injury effects at low pH values or wdth the huffier eomph'xcss 
of the vacuolar sap, within the vacuoles or after i)assing into t-h(‘ 
<^xperimental external fluids. 

The changes recorded in thcj physic^al (^omlition of c-hromo- 
somes at varying pH values, these values being controll(‘d <^xp<M*i“ 
mentally by carbonic acid, are of outstanding importance; but 
much more investigation along similar linos is required lu^fon* w(' 
can gcuicraliso upon natural i)H values as controlling factors in 
nuclear phonomona, I k^generation of pollen grains, and otluu' 
abnormalities (ionnecU'd with nuclear failurc’is may or may not he 
(Controlled by the pH of the c!ytc)j)laHm. A fruitful field of work 
has been o])en<Ml up, hut wo arc still just at th(5 gat<'. 

''rh<^ main outstanding ])rohlemH in ndation to prot(Mns and 
pH uiidouhtedly ri‘(|uir(5 t.he investigation, undc^.r a (^art'fully (uni- 
t rolled (carbon dioxides pn'ssure, of th(‘ effecjts of varying tin* | H | 
within the natural range ui^on the perim^ability of tlu' eyt.oj)lasmic 
layer to solutes of various kinds. In such investigations attention 
must he giv<m to the existence and (‘ffects of a pH gradient ae-ross 
the cytoplasmic layer and to the direction t)f such gradient 
(cp, p!:US). 

ENZYMES 

The relation between enzymic activity and [H ] is known 
for all the chief enzymes; but there ai>pcars to be a strong diversity 



374 


OHAPTER XX 


of opinion about thiw in tho oanc of oxitlaHOH aiui iK^roxidtuioM whi<%}i 
are very important in plant phyHioIogy. 'riio oaimal ndatioiiH of 
oxidation and acidity or acidity and oxydaut' activity rcquiro 
elucidation. 

Tho main problem with onzymoH is their detailed diKiribution 
within tho plant. It ih definitely known in aome ojwoh ami it HotutiH 
probable in many more ciiaca that the diKtribution of tuizynu'H 
differs from x>laht to plant and from organ to organ or tisHiu^ to 
tissue within tho same plant; but actual data concerning tint 
variation of enzymic content in different tisHues within tht^ Hanut 
organ are relatively few and are confined almost entirely 1.o 
phloem fluids and tho petals of flowers with (tolour-pro<lu(;ing 
enzymes. 

Tho fact that invortaso and lipase arc (Hass A (acid) onzymtm 
is probably closely related to tho apparent prcKluetion of organic*, 
acids and consequent acidification of all or somo tissues as gc'r- 
mination proceeds, but other similar relations might be traccwl if 
wo know more about tho distribution of enzymes in the various 
tissues of ordinary plants. 


BKFFBItS 

Tho pioneer work of HxMFEn, and tho more rccc*nt work by 
Haas, Gustafson, Youjdbn and Hfnny have bt‘cn utilised in 
this volume to give somo q;uarUitativc ideas concerning t he buffc'r 
capacity of plant saps. Tho recent work of Martin, lNciorn> and 
Armstronq in this Department has enabled us to write of buff<*r 
systems which are identified both qualitatively and ciuant itativcly. 

Wo know now that carbon dioxide metabolism in respirai ion 
and photosynthesis can be and probably is an effective nu*t.a- 
bolio buffer process in tho sap of ordinary plant tissues. We also 
know that amino-acids and proteins have usually a nogligibh* 
effect upon the buffer capacity of these saps. 

Further, we know in a few coses only the acdual buffer com¬ 
plexes present in tho parenchymatous tissues (as pn’sssod jui<*<‘). 
Wo can assume tho soil as tho sourco (jf phos])hat(^s, and l.hc kata- 
bolism which yiolds carbon dioxide as tho source of bicarbonatt‘s. 
This leaves the sources of the organic acids found still a mystery 
which may be named but net explained by saying that these atuds 
result from an abnormal ‘acid metabolism’, possibly incomplete 
oxidation of carbohydrates. 
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This *aoid metabolism’, its origin and its effects, the factors 
which control the type and quantity of acid produced and thoso 
which control the utilisation of the acid are explained to a certain 
degree for succulents; but oven in that case we know more of the 
utilisation of the acid than of the earlier stages in the process. 
The elucidation of those points, for acid tissues in normal plants 
as well as for "all acid’ plants, for the fatty acids of the wall as 
well as for the simpler organic acids of the sap, forms the main 
problem to bo solved in connection with "acid metabolism’. 

Malatos, citrates and oxalates are common in the more acid 
families or plant organs, while phosphate and bicarbonate systems 
would appear to bo common in ordinary plants but it is uuwiso to 
gonoraliHO from the three or four known oases, all of which differ 
one from another. Much more oxionsive investigation is required 
on the buffer coin])loxos of various types of }>lants and plant 
tissues. The physical chemistry in relation to acidity, even the 
cliomical composition, of the various kinds of cell-walls is still 
almost a closed book, which from the picture on the cover })romises 
to bo very interesting. 

SAP, <5YTOPLASM AND WAI.L 

l"he rolat.ion of the accumulation of acid and of basic dy<^s 
within the coll has been shown to be largely a (juestion of the pH 
of the sap, and further investigation is needed on the possible^ 
c.ounoction hetwoon the j)H of the vacuolar saj) and the rate of 
p(^net.ration of salts. This clearly is of much greater import in 
t he life of the plant than the rate of penetration of dyes, and will 
])rohal>ly vary not only with the pH of the sap but also with tlu^ 
(diaracter and (^oiu^entration of the buffer systems j)rescnt in tbc 
sap (<*p. lIoAcUiANi) and Davis 1U23, see p. 317 above). 

Wo know t.hat there may lx*! a large. differen(*e betw^een tlic! 
pH of the cytoplasm an<l that of th<^ sap, which difb'rciiice appears 
to bo maintained by tbe buffer action of the eytojilasin, cuther by 
the whole layer or by the plasma membrane. This membrane 
l)uffer effect would aj)pcar to be imi)ortant in relation to tlu*! 
penet.rability of external acuds aiul in relation to the maintenance 
of free acid as a constituent of the vacuolar saj). Jn succulents, 
for example, tlie malic acid produced does not escape from the 
cell as such and passes out of the non-green cells only after it has, 
as free malic acid, boon converted into carbon dioxide and water. 
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Thoro is nt> ovitlonco that light tlocomponoH malatcH in iho Haitio 
way that it <1 (.o.h free malic tusid and the buffer effect of malatcH 
becomes important in regulating the i)H of thtJ saj) and, thewrfon*, 
the amount of malic aci<l available for dccompoHition <luring i.ho 
day. Similar relations may or may »>ot hold for other changes 
in sap or in cell-wall. They ro(piire investigation. 

Wo begin to get some idea of the possibilities in the iudieatK>r 
colour reactions given by certain cell-wall substances but we have 
just become aware of the existence of these problems which proinist^ 
to load us into the by-paths of fatty acid physical <^h<unistry. 
Even the preoiso j)roblems are still obscure; when we have formu¬ 
lated them the way will undoubtedly Ixiconie clearer. 

VARIATIONS IN REACTION 

The R.LM. survey has definitely solvo<l most of tlu' probhuns 
of the actual variation in reaction ot cell KUp from on<i pari> io 
another of the cell; within the same or in similar cells, from tinu* 
to time, diurnally, seasonally, and during the maturing of th<« plant, 
or the tissue; in the same tissue from one part to another of tlui 
same plant; from plant to plant, species to species, g<mus to genus, 
family to family; and to some extent even from group t.o grouj). 

Other workers have found internal variat.ion or la<^k of 
variation with the external medium ; variation, of cxt(*rnal nuxlium 
only, in relation to th<' jihotosyntlietie ac.tivities of sul>nu‘rg<*<l 
green plants; iuti'rnal variation in guard c(dls caus(‘d by and re.sul- 
ting in the opening aivd closing of stomata; variation or lack of 
variation in respiration with the pH of exlcTnal ituxlia. 

This leaves <lotailed inv<'stigations of particular eases to be 
carried out. It leaves pracdioully untouclu'd the possibh* iiit(‘nial 
variations with photosyuthosis and respiration, the |>ossibl(‘ 
variation in photosynthesis of submerged i>lantH with the pli of 
the medium which are still obscure in Hpit<s of t.luj /!(V<x/r«-chalk 
controversy ami its im^re or less sat.isfaclory sett.l<!m<*iil. 

Variation in reaction of tlu"! natural vascadar sap has bc('u 
touched upon by Bhnnktt and his collaborators, but much mor«i 
remains to bo dune in the investigation of tlic, real pll, and the 
buffer systems if any, in the woo<l sap of t.r<‘cs ami also in llm 
fluids of the ])hloom and latex passages. 

The problems of the connection, causal, corrclattal or nicndy 
concomitant, botwcon. tbo known variations in i*oaotion --- which 



PROBLEMS RE-STATED 


377 


have boon found to bo ayaociatod with certain diffcroncos in tinicH, 
stages of dovolopmont, conditions, functions and phylogonotio 
positions — turn out to be mainly i)robloms couconiing not pro¬ 
teins and ainitio-aoids but (1) the detailed distribution of oiizymos 
throughout the plant; (2) the production and utilisation of carbon 
dioxide, concerning which much is known; and (3) the metabolic 
production and storage or utilisation of organic acids, such as 
citric, malic and oxalic acid in the cell-sap, and s^ioh as a hydroxy- 
bohenic, ricinoleie and other fatty acids in the coil-wall, concorniiig 
which very little is known. 

It is impossible to suinmariso briefly the present ])osition but 
we may suggest a few general proliabilities: 

1. ('hangos in tlie hydrioii concentration of oyiophisin beyond th<^ 
rang(^ pH 5'()—(>'2 would ai)pear to liave little relation to t.he 
living evil, 

2. Variaiions in the hy<lrion eoneentration of tlu^ vacuolar sap 
may be important: 

(a) as indicating variations in cell metabolism, and 

(b) as affecting the rate of penetrai.ion of <^xi(^^nal aiul / or 
internal solutes through the cytoplasmic, laycu*, btit not 
necessarily affecting the permeability of the cytoplasm 
as sii(*.h. 

3. Variati<uis in the reaction of tlu^ wall may be correlaitMl with 
Hom<^ of the variations in cell metabolism 2 (a). 

4. 44ie variations in organic acid metabolism are important and 
are amongst the hvist known ]>hcnoni(Mia of plant physiology. 

o. Tlu^ buffer (ioinplexes of the v'a<molar sa]) appi'ar t.o b(‘ I.Ik^ 
<‘ff(‘(^tivci fa<d.ors in many so-calIe<l iso-<4<H“tTic ]>he!nom(Mia. 

Ill (foiu4usion w<‘ may also suggtwt. a fenv int.<‘r(^stiiig |)ossi- 
)>ilities: 

1. Variations in t-h(* hydrion <!on<*(Mit.ration of cytoplasm \vit>liin 
the range'. pH 5*0 t-o ])H (>-2 and / or sa]> variat ions in a wielcM* 
range may have important c'ffec^s upon -- 

(«i) the (iolloidal condit>ion, dis])ersion, hy<lroj)hilie propen't-h's, 
of the cytoplasm ; 

(h) the permciahility of the cytoplasmic layer t-o <4eetrieally 
neutral substances, such as sugars, and neutral salts, an<l 
t-o other substances in the mokuudar (or ioni<*. ?) condition; 
(<') the density (and sign '{) of the e.liarge upon the external 
and internal surfaces of the cytoplasm. 
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2. Variations in the enzymic distrilmtion atul/or the hydrion 
conoontration of the vacuolar saj) may have iin])ortant effcctwS 
upon — 

(a) the character and quantity of organic aci<l which occurs 
in the vacuolar sap; 

(})) the character and quantity of fatty or poetic acid, pcctato 
or fat, which is secreted oxtornally by the cytoj)lasin to 
form cither iinixicdiately or at a distance (cp. the oil duets 
in sunflower and other plants, also Hekkt^ots p. 2(55), tlic 
material for wall (iifferentiation. 

3. Variations in the acidity of the walls may yield valuables data 
concerning the identity and behaviour of the HuhHtanct<^s which 
help to enclose the cytoplasm and saj) in plant cells and tissues. 



APPENDIX I 

EMDEN’S METHOD FOR PIIOSPJIATES 
AS APPLIED TO PLANT JUICES 

1. Pro})arc a Gooch crucihlo with asbestos. Wash the asbestos 
filler freely with distilled water and dry in an oven to constant 
weight* 

2. t^olution A, Prepare a solution of strychnine nitrate con¬ 
taining 15 grammes per litre. This solution keeps well 

3. Solution B. Prepare a solution of annnoniuin molybdate (‘.on* 
taining 50 grammes in 150 c<‘.. of solution. This solution should 
b(*! mo(lerat(dy fr(\sh. 

4. Pn^jiaro a mixture of nitri(*. a.(iid and waiter (HN();| 2 vols. 
})lus water 1 vol.) 

5. Solution CK Add one volume of Solution B to thrive volumes 
of the diluted nitric acid (4). This must Ix' done very 
slowly and with (lonstant shaking or stirring. Any preci- 
])it.ate formed should ix^-dissolve on shaking. As m()lyl)di(‘- 
a(*i(l s<'parates out on standing Solution (- should be freshly 
prepared. 

T). Solution J). This is tlu^ ac*4.ual ])recij)ita.ting agimt and, as it 
(lo(^s not k(‘(‘]), it. sliould Ix^ made up only when r(X|uired for 
imnKxliate use. It. is pn^parixl by adding tbnx' volunu's of 
Solution (ammonium inolybdate-nitrie-a<‘id niixt.ur(') to 
one volume of Solution A (strychnine nitrate solution). 

7. Using from 2 to 5 ec. of centrifuged or filtered expressed juice, 
add an equal volume of 10 % trichloracetic acid. This ])reci- 
j)itates ])roteins. Kilter (7). 

8. Arid to the filtrate (7) an excess of Solution I). The volume of 
Solution 1> necessary will vary with the phosphate content. 
A volume two or three times that of the filtrate has been 
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found Hufficiont in most of tlic ciiHoa iuvcHtigatcd^), This 
precipitates the j^hosphates as a flocsoulcnt pnHjipitato cjoii- 
sisting of coiu])lcx grouiKs of inolocules wcughi^ of whioli 
is 38*34 times the weight of H 3 PO 4 present. (JolUnd tin’s priuh- 
pitatc itx the Gooch crucible, on tin’s filtc^r; wash it w(^ll with 
distilled water, using a filter ])iunj), and dry in a water ov(mi 
to a constant weight. The weight of K 3 PO 4 in the sarnphs 
of juice taken is obtained by dividing this weight by 38*24* 

1) The addition of more Solution D to thc! filtrate from t-h<^ first 
phosphate proeipitatioii is a j)reeautiou which it is vvisc^ to tak(% I'Hptu'ially 
whcti tho first preeipitato is very abundant. Only oiu^ easti has shown 
further i>hosj:)Jiatc witli tliis 



APPENDIX 11 

OROANffl Af?ID ANALYSIS 

Method of Hitajkti and (hioss^), as developed l)y C\ T. iNOono 
and J. J. Akmstkoko. 

Tlie solution containing the free organic- a(‘ids is divided 
into two parts wliieli are ireated as follows: — 

I 

Mix with alcoholic potassium acetate and half a voliiino of 
al(u>hol. Allow to stand for several <layH in the (a>ld wluui tlie 
grt^at-<‘st. j)ari- of tlu' tartaricjncid e-omesdown as />ofas.siunt hiUtrtratr. 

''To (‘si inuit(' the tartaric* a(*id t his ]>rc*<‘ipit ate* is dissolvc*d in 
hot/ watc'jr and titrated with 0*1 N NaOH. Tlui titrated licpiid 
(^an be used for idc^ntifying the tartaric a<;id by adding eal(‘iinn 
eliloride to the solution and allowing the* rcssiilting filtrat-c^ to stand 
for some time when the calcjium tartrate: sliould sc*[)arat(* out. 

''I'he* filtrat-c* from t.hc* fiotassiurn bitartratc’' is mixed with a 
f(*w (*.(*-s. 10 % (^alcnuni chloride* and is hrought/ to a. wc'akly acid 
r(*a(‘t ion ([)H 4*8—5*0, using grc*en to bine* <;hang<*) with 

lim<*-\vat<*r and this pr(*c*.ipit.at(*s t-hc* oxalic acid as calciion oxalati , 
which can lx* <‘st/nnat(*<l by dissolving in dilut(* (about normal) 
sulj)huri(' a.(*id and titrating with N/IO 

h^ilt-c*!* off the* c*alciiim oxalate*, n<‘utralis(‘ the* fill rat (* ([>11 
7*0—7*2 with Pit) and allow to stand for sonx* tinx*. At this stagi* 
th<*r(" sc’ifiarates out the rennaining tartaric acid arxl oxalic acid 
as wc*ll as citric acid. 

After filtration the* (*ni.ire* precipitate is h(*ate*d for te*n minute‘s 
with dilute KOH solution whie*-h diss()lv(*s llu* t(trtrafc‘^) whih* 

1) I^aixlw. ^(* 1 * 8 . St-at. Ulb 1S4. IHS7, citc'd hv' Czmm-Uv, Ihoclx'init^ 

(h*r Pflanze*n. Bd.IlT. i)p. 1)8 ~<M). 1925. 

2) Prae*ti(*iiliy all the* tartrate* e*oine‘.s down jir(*vi<)iisly as hitartrate*. 
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oxalate arwl citrate remain imdissolvod. The citrate is then, dis¬ 
solved in acetic acid while tho oxalate, if any, remains behind. 
Oxalate, if any, should bo titrated. Citralt» is estimaU^d by neu¬ 
tralising tho acetic acid, filtering and weighing tho i>recii>itat-o 
as calcium citrate. 

Tho neutral filtrate after tho precipitation of the alxjve three 
‘Cids may still contain calcium malate and this can be pree.ipitatcMl 
by the addition of 2—3 vols. of alcohol, and weighed as ealeium 
malatc. 

Tho alcoholic filtrate from tho malate procipitaiion is inxitixl 
with a solution of loa<l acotatci. Tho resulting lead i>rtic)ipii.at(* is 
decomj>osod with sulphurotto<l hydrogen aiwl after removal of 
tho load sulphide by filtration tho solution is t.reate<l with copper 
sulphate solutions and eventually copper glycollate. may He]>arate 
oxit. 

The filtrate from tho lead precii)itation may still cont<ain 
succinic and lactic, acids. 

The solution is ovaporatetl to <lryness, mixed with some 
HCl, and extracted with other. The other solution is (‘vaporated, 
mixed with water and tested for tho above acids. Succinic acid 
may bo estimated as tho barium salt (seo (5.R. 105, ]). 7J)3, HH7) 
and lactic acid in tho usual way as tho zinc salt. 

II 

Tho second part of the solution, utilised as a ctux^k, is tu'uira- 
lisod with ammonia an<l boiled until crystallisation starts, or until 
the solution is sufficiently concentrated. Having nciilTalised, 
add two volumes of alcohol to ono of tho solution and allow to stand 
for several days. At this point there crystallisc^s out the ammonium 
salts of ta/rtaric, oxalic an<l citric acids. This prtxupitatc* (A) is 
dissolved in water and acidified with acetic aci<l, then potassium 
acetate and alcohol aro added. After standing for two days the 
bitartrate of potassium which separates oiit. is filt.er<‘d off and 
titrate<l. The filtrate when mixed with (talcium (ddorido may give* 
a precipitate of calcium oxalate, which is separat<‘d, (lissolvtxl an<l 
titrated. Tho filtrate from tho oxalatx^ is lUMttralised wit.li liim* 
water and an equal voluino of alcohol added in order to prc<(ipitat<‘ 
the calcium citrate, which is weighed. 

Tho mother solution of precipitate A may contain citric, 
acid and malic acid. The solution is neutralised with linte water 
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and, after adding calcium chloride, is heated in order to preci¬ 
pitate the calcium citrate, which is weighed and added to the 
previous quantity^). Excess alcohol added to the filtrate from 
this calcium citrate precipitates the calcium malafe, which is 
weighed. 

JoaoENSBN carried out the difficult quantitative separation 
of citric acid and malic acid in this way: — 

The solution containing the two acids is brought to a faintly 
alkaline reaction, then the barium hydroxide and 28 % alcohol 
arc added. The precipitate formed is barium citrate and is thus 
separable from the much more readily soluble barium malale. 
This method is not reliable in the presence of calcium which preci¬ 
pitates as a mixture of citrate and malate on neutralisation. 

1) This part of the citrate may be proportionately quite large. 

N. B. All quantities are small and require small scale apparatus 
together with motieulous care, in order to get oven a 00 Vo accura<*>'. 
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Agrio. Exp. Station. Momoir 106, Ithaca. Observations on spinach 
plants iiKiludo various values for the leaf juice from pH 6.0 to pH 6.4, 
for the apical two inches of seed stalk from pH 6.0 to pH 6.5. H-elec¬ 
trode mc^thocl was used and no relation was found between this (resl- 
<lual) pH of tlio juic.o and the catalase activity of the intermediate 
h'avcs. 

Mkviitk, W. 1927. Kalzium-fon und Wiirzolwachstum. Jahrb. wins. Hot. 
66, 2, 183. With Pinus pinaster roots, KCl or MgSO^ solutions 
limiU^d root dovolopmont at pH 3.3—4.3; above pH 7.0 injury wiis 
found with either alone but also aut<igonism with mixt'id solutions. 
This iiu^ludes a diseussion of lEl* and calcium. 

'ro<i\siii, K. 1928. On tlu' (h'velopineiit of two ra<*cH of Valm in relation 
to th<* H, i. of IVach t-n^es. Agric, and Hort. 3, 893. ex .Jap. .Jour. 
Bot. *1, .3, 76. Data incfhide -- prc'ssed juicie of ‘■‘healthy peach trees” 
al)out pH 5.0; <u>rtox 4.4—5.6; me<lullary rays in bast 4.4 —5.0, in 
cambium 4.4 4.6; hiwt 5.0 -5.8. Culture experimeiit.s show optima 
for Ra<‘c A pi I fi.f.. Race B pH 6.0. In dis<MtHe<i trees t.he h. i. c. is 
higher than normal, <». g. })H 4.4 4.6 or even pH 3.6 3.8 in sonui 

<*as<‘H. An “isoim^taholic! i>oiiit” (Sidkkis) could not be found. 

<bi(»i>VT, R. ct A. 1928. Sur le Sapc(!ag(^ dii Mate. Anih. S<‘i. 

IMiys. <‘t. Hat. (<ilencv(‘) 5, 10, .5.5. Data incluch' frc'sh leaf juitus of 
Ilr.r paraijuarivusis j)H 4.<5; wat<‘r cxl.ract of <lric<l leaf pH 5.4; 
extract of Ha.p<Mjuc<‘ l<*a.f j>H 7.14. 

K A<r/M \ KKK, A. 1929. Cnl«(‘rKuchungcii iilxu' Bhisniolysc un<l I )('])laHmoIyHc 
in Abhangigkcit von d<‘r W. i. k. Protoplasm a. 6, 2, 209. Pn*HCMit plas- 
mc»lytiic metho<ls are not sufficient to stdvc the problem of the. relation 
of (*.<‘11 p(*rmeabilit.y to the pH of the ext/<‘riial m<*diuni. Maxima ani 
n‘porled to (XKuir at pH 4.2, also b<‘tween pH 5.5 an<l pH 7.5; minimum 
in th<‘ rang(» pH 4.3 -5.5. 

Pkkii*’kI':ii, H. 1929. Der iKo<4ekt*riHche Punkt (lEI^) und die aktuelle Azi- 
<litat von mc^risUmiatiHierten Zellen. Pr<il^)plaHma 6, 3, 377. A (lareful 
and <^.ritiical survey of all the factors noted. The acdoal pH of the e.am- 
bium is som<4im<‘s even further away from the true lEP of the plasma 
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colloidH than iH tho pi I of tho other HU*xn tiHHuoH. apparent. IMP 

ia Bhowii to bo really an e<pnlibrium point, Homewhat hh (U^Horibcsl 
above in OhaptorH XVT—XX. Tho R. I. M. in um<*<I aiml tho R, L M, 
rcBultH ^iven above arc eonfirme<l hh diHiiiK^t from Za<’iiauowa’s high 
valuoH, thiiH — 


Phloem (Cambium Xyhmi 

(V)o}jlearia armoraeia. . . r>.H (J.O A.O 0.0 • 4,0 

UgiiHtnim viilgare. . . . 4.8 - 5.8 (4.5) 5.4 (i.O (4.<5) 4.*l 4.1 (JhO) 
Rhododendron maximum. 5.2 - 0.0 (4.7) 5.4 0.0 (4A>)4A 3.0 (3.8) 
( ) probable IKP <leU*rmined by <lye uptake minima. "rhiH author 
eoiududoH vc^ry wiH(4y that in the fixing of an eijtiilibrium point other 
faetorrt as well tw pH are effe<d.iv<'. Still anot.her tlu^ory of ecdl growth 
and differtiniiaiion Ih alHo t‘onHider<*d. 


Pfkikfkr, H. 1020. Der moelektrinehe Punkt von Zellen iind (Ivwvho. 
dambridgo Piologu'al Revieww 4, 1. Biologic^al work on IKP Iuih <l<Mdt, 
not with tho true IKP, but with an apparent IKP w'hieh <I(^p<Midrt 
primarily upon th(^ rcwietion at whi<4i ih<*r<^ Ih a maximum of tunitral 
moleeulcB. (V)mpare (3hapt.<*ra XV’’I XX above*; <*v<*n thiH g<*nerafi- 

Hatioii may not apply to Home of the HOc‘alI(*d iHO(*I(»«*tri<* point, flat a, 
c. g. to obHorvatioiiH which arc really e.on(?ern<*<l with lh<* bufff*r <M>mplf>x 
of tho sap in relation to external fluidn. 

Pfkiffkr, H. 1929. Klektrizitilt uiid EiweiBe. DrcHden. ProteiiiM and 
their clootrical properties as amphoif*rio eolloi(j|^ arc* c^onHidiTcd in 
dct^ul, including elcotrif^al (diangoH with variatiiai in pll. 

Davih, K. F. 1920. Some <*h<*mi<*al and phyHieal Htudi<*H on tlu* nalun* and 
tratismiHHion of “IiifcetiouH (UdoroHiH'” in variegati'd |)lantH. Ann. 
MiHHouri Hot. Oarfl<*n 10, 145. KI<*e.troin(‘t.rie (hdx^rniiiiat ioTiH of b. i. c. 
were made by th<^ fpiinhydnau* (*l<*etrodt' irndhod, modifif'd to ac<‘oiu- 
modaU*. (l<*tt^rminationH made in single dropn of f'xpreHHcd juice. 

Kullkk, R. and otlu^rs. 1929. Kl(*ktrostat.ik in dcr Hiochemif'. Kolloid- 
ehemiHfdie Beih(‘fie, SondfTaiiHgabe 28, 7 -10. V'orfriige <I<»h Kiin.f^a 
in BaHol. ()kt.obcr 1928, l)rf*Hdcti. 


Akmstkon(S, J. I. 1929. Hydrogen-ion Phenom(*na in PlanlH. (A n<*w H<‘ricH 
about to appear in Protoplasma 8). 

I. Hydrion (loiieentration an<l BufferH in tin* Kunjri. ’^I'heHis i). W B. 
An ficf'ount of the tiHsuc r<Ni(diioiiH of various fungi (scf* p. 95 above), 
together with <l<*tail<‘d analyst's of thf* huffi'rs fin'scMit in sfdeetf'd 
species (see p. 301 above'). '’Fhe buffer cornph'x of (^ollj/hia rvlutiprs 
would appwir to be more or less eompletf'ly analysed. 'I'hf* flat a given 
are more up-to-dat(i than those above. 

II. An invf'Htigation of the Buffer Complex of Saj) from tlu* Stems (»f 
Prlanjonium sj'. Thesis i), V, B. A eletaih'd analyi-is of th<' buffe*r 



APPENDIX III 


407 


syHtomH conatitutiiifi; tho buffer complex ii\ the stem of Pelargonium 
Hp., which includes tho following —.010 M phosphate; .0537 M oxalate; 
.0337 M malatc; .0066 M tartrate; .003 M citrate and a small quantity 
of an unidentified hydroxide; explaining from 80 to 100 per cent of 
the buffer index of tho sap in the range pH 3.0—7.0. 

11 r. Tho Acidity of ccrlani celbwalls considered in relation to tho higher 
fattiy acuds. MS. Q. U. B. A systematio survey of tho reactions of tho 
higher fatty acids with the R. I. M. indicators; tho acids used include — 
polargonic, ctaprio, lauric« myristio, palmitic, margaric, stearic, ara- 
(diidio; tigli<^ oleic, erucic, liiioleic, ricinoloic and dihydroxystoaric. 
l^lieso show various dogrooH of “base-avidity” in relation to indicator 
acuds, and tho photiomona observed furnish a reasonable explanation of 
the colorations obtained with tho R. F. M. used on lignified, suberised 
or cuiinisod coll-walls- 

Bit.xtont, H. H. and DARnisiiiRK, P. V. 1920. Tho pH Value of Cell 8ap 
of Flowers. I an<l II. Jour. Roy. Hort. Ko<^. 64, 1. 

T. Dmls with pi I values obtained by macerating <lried |)otals in distillctd 
water for various periods. 

II. Deals with pH values obtained with a B, I>. H. Capillator on tin* 
exproHScvl juices of whiter petals. Two average initial points at pH (5 
and all pH 5.0 are given. Data for fresh sap of whitish petals -- Khodv- 
dandrou. 4.0; paeoiiy 4.5; poppy (Shirh^y) 4,5; lupin 4.0; rose 4.7; 
Agndrtjia 4.8; pritnroH<' .5.0; /m Kmmpivri 5.0; (^antpannla 5.5. 

Buxton, B. H.and 1)AiufisiiniK, P. V. 1929. On the Ix'haviour of “Aniho- 
cyanins” at varying H. i. e. tJourn. of Ceneties 26, 1 (April) 71. A 
valuable contribution — yellow and the yellow element of green in 
p('tals are. trae.e<l to flavonc^s which go ycdlow above pH 8; two groups 
of anlJio<*yanins arc distinguished; both of which are red at pH Band 
pinkish up to pH 5: the ‘U>lue” typo gives a mauve about. pH (i and 
eI<Nir hlu(‘ at pH 7, passing to grecuis above* pH 7 if flavoru's arc* pres(*nt: 
the^ ^‘r<*d” type iieveT shows blue but pass(*s to r(*d again at pH 7 and to 
browns al)ov<* if flavones an^ pre^sent.. Many (*xampl(*s are*, given c)f 
typie*al ”bliie*” anel typical “reel” fl<jwe*rH, together wit h int.e‘rin(*eliate*s 
whe*re^ heith e*le*m<uit.s aren pr(is<*nt in varying pr<>pe>rt.ions. A>ia(jalhs 
is aberrant. 

SvKnsKRO, Till*:. 1929. Mass and Size eif l*re)l.e*in Mole*e.ule*s. Nature* 123, 
871. All slahle native proU*ins so far studitMi show two groups: 

1. haeme>(\yanins with moh*oular weights of tho orde*r of millioTis; 
(*. g. from hle)od of Helix poma/m .5.()()().000 anel 12//// raeliiis, anel 
fre)m Ijimulm polgphe.mus 2.000.000 and non -spherical. 

2. all ot.he*r proWins with mol. wts. fre^m about ,35.()00 to 2]0.00<); 
she>wing fe)ur sub-groups: 

(a) Hphe*rie‘.al, e. g. ovalbumin, Bene^e-rJones’ prot(*iii; 

(b) uon-Hpherieal, mass 2a, e., g. haeme>globin, serumalbuinin; 
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(o) non-spherical, moBS^Sa, o. g. scrum globulin; 

(d) spherical, mass =^- 6 a, o. g- Rhodophyccat^-phyiiooyan, dyano- 
phycoao-phyoooyaii, Rhodophy<soac 5 -phycooryihrin,<'xl<»«t.in, cx- 
oolsin, amandin. 

Molecules of sub-gK)iip (<l) arc disaggregated with inorctiHiug pH, 
passing to sub-group (c) wholly or in part when the pH is changed 
from 4.6 to 6 . 8 , or to sub-group (a) at. pH II 12. E<leHtin is stnhle 
from pH 5.5 to pH 10 ; at pII 11.3 some moltwules are <liHaggrcgaie<l 
to sub-groups (b) or (c). 

(Soo pp. 1 and 322 -- 3 , Vi-kh’ suggestion of uuniablr protein 
complexes varying with cthanges in pH is strengthened by t.his n'^eent. 
work. 

Brooks, M). M. 1926. Studies.X. The influence of exfM^rinu^nial 

conditions upon the iKuietration of mt^tliylone blue and trimeihyl 
thionino. Protophtsma 7, 1, 16. The total penetration of methylene blue' 
into the cells of Nitella and Valonia is again found to be independent 
of the pH of the external solution. (See also Proc. Nat. Aead. Hei. 13, 
12, 821. and Univ. (Jalif. Pub. Zoology 31, 6 , 79.) The ratr of p(»n<*- 
tration is, however, now found to vary with the exi 4 Tnai.l pii, bf'ing 
less rapid at pH 5.5 and more rapi<l at pFl 8 .S3 (See pp. 314 317 

above). 

Brooks, M. M. also has a scries of ‘‘Studies on the Permability of Living 
and Dead Oells** in Public Health Reports, U. S, P. H. S., Washington; 
Reprints Nos. 845, 846, 866 , 888 , 986; which it is hopc^l will be inadc^ 
more generally available in a forthcoming volume of Prot.oplaHnuL 
Moiiographi(*n. 

1. 845. .Deals with the penetration of acuds into \'filonia. 'Phe tuitural 
Bap<l)a<l pH 6.2 - 6.4, or pH 6.6 6.8 with fr(‘e r<*niov<‘d, or 
pH 8.4 with further tu^ration. H(3 anti HNO^ low(*r tht* saip vahu" to 
pH 5.2 by liberating (JOj. 

II. 846. Deals with the penetration of alkali hicarboiialt's. also 

decreased the sap pH. to 5.2 5.4, NaH(H )3 at^ting mon» rapidly than 

KHCO3, but the pH of the (JOj-freo sap was invrvmvti inor<» rapidl,> 
by KHGO3 than by NaHOOg, indi(*ating a more rapitl pent^raf.ion of 
the K-ion. 

LIT. 866 . Deals with the penetration of alkalit^s and aniinoniuin snltH. 
NH 4 OH, NH‘ 4 CJ 1 and raise the sap valiit'S to ahovt^ pll 8 

ill 26—60 minutes; (NH 4 )aCU )4 raises it to about pH 7.5 in 26 niinH, 
The toxicity of the first three dotireases from left to right. NaOH aiul 
KOH have very little effect upon the int<Tnal pH, etven after 66 nuns, 

IV. 888 . Deals with the penetration of arsenics into wall, ]>rotoplast and 
sap of Valonia; the protcjplast takes up most and thecpiiuitity iznsreasi^H 
with divergence from neutrality (oxU^rnally) in botli clin^ctions. iMios- 
phate buffers have a strong effect, docroasing pc^netration niarki^lly. 
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‘FK/Og or COj increases the penetration of pentavalent arsenic into 
the protoplast by 150 per cent and decreases the trivalent arsenic 
by 25 per cent, but the penetration into the sap is increased about 
100 per cent for AsaOg and about 25 per cent for AsgOg. 

V. 986. Deals with the effects of NaHCOg and NH4CI on arsenic pene¬ 
tration. A minimum is again found at neutrality in the external 
Hohition for both protoplast and sap. Decrease of internal pH with COg 
(NaHCKlg) gives increased penetration with peiitavalcnt arsenic for 
both sap and protoplast, but with trivalent arsenic an increase for 
the sap and a docirease for the protoplast. Increase of internal pH with 
NHjj (NH^dl) gives with penta valent arsenic decreased penetration 
for both sap and protoplast, but with trivalent arsenic an increase of 
penetration for both sap and protoplast. (See and compare the re¬ 
marks at top of p. 819 above.) 
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A bios 88, 18(1 
A(^cr 109 
Achilloa 119, 118 
Ac^onitum 10(> 

Ao^opocliiim 110 
Acthalium 94, 302 
Aothusa 110 
Aconium 293 
Acsciihis 98 
Ajiiariciis 95 
Agrimonia 113 
A^rostis 89 
Ajuga 111 
Alohcmilla 108 
alfalfa, soo Mcclicago 
Algae 93, 308 
Alisma 104, 117 

Allium 303, 307, 310, 350, 3()7, 

308 

Aloe 104, 299 

arl)oroH<'(»ns 292, 293, 298 
(‘yrnhaefolia 293 
variegaia 104, 2t)8 
alsikc, see Trifoliuni 
Amanita 95 
Ampelopsis 109, 121 
Anagallis 98 
Anehusa 39 
Aneniotu' 100 
Anthemis 98 
AnthnscuB 110 
Antirrhimirn 112, 118 
Apium 110, 118 
apple, see Oyrus mahis 


Arabis 107 
Araucaria 88 
Arhaeia 303, 307 
ArnuTia 11 1 
Arniillaria 94, 95 
Aren aria 105 
Art<'miHia 114 
Asparagus 97 
AHp(‘rula 113 

Aspergillus 300, 308, 309, 310, 311, 
312 

Aspidium 9<5 
Aspleniuiti 90 
Aster 113 
A(rij)I(*x 105 

Aueuba, I4(> 148, 101, 102, 1()3, 101, 

105, 172, 177, 179, 1 HO 181,348, 
350 

Av<aui 83, 88, 202 
Azal(‘ji 98 

Baeillus 82, 88, 2()r) 

Uae.tena 83, 309, 310, 311, 331 
Barban'a 107 
barl(\v, H(‘<‘ ll(>r<l(‘uru 
Ba.Hi<li<»boluH 34(i, 347 
b(‘an, K<‘<‘ \'i(‘ia faba 
and Bhaseolus 
b( <*ts Hw B(‘l a 
B<‘g()nia 98 
Beilis 113 

Beta 51, 81, 82, 88, 320, 308 
inaritima 105 
vulgaris 81, 82, 83, 98 
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bilberry, hchs Vjwtc^iiiium 
blackberry, boo RubuB 
bla<fk (iurraui, boo RiboH 
Bora^o 111 
Boniotia 347 
BraHHioa 81, 107 

eam|M^HtriH 107, 121, 308 
oloraowi 81, 08, 308, 327, 343 
oloifora 82 
Browallia 80 

Bryophylluni 82, 87, 108, 124—128, 
120, 100, 200, 207, 337, 350, 

304 

buckwh<»al., Fap;opyrum 
Biiddleia 111 
Buxuh 310 


cabbag<s He<i BraBHica 
(lakilo 107 
(1al(*(«(>laria 112 
(\‘iI(^iHlula 114 
(talynle^ia 111, 121 
(Campanula 113 
(•apsolla 107 
(larcitiuH 323 
(•ardamine 107 
(^ariK'^ia 318 
c.arrot., HiH" DauciiH 
l^iruin no 
(V<lruH 88 
(1<Miiaunsi. 
cyamiH 30 
tnoiifaiia 1 11 
nij^ra ! M 
(VtitranlhuH 113 
(*(»phaIc>taxuH 88 
(!<^raH{.iutn 105 

t<>m<Mib>Kiiin 105, 130 -130, 100, 
101, 103, 170, 350 
triviale 105 
(lenaiB 110 

eham<>mil<^ H<*e AriMieiniH 
(yhaet4)]n()r]>ha 317 


Ohara 303, 304, 307, 310 
Ghoiranthiis 107, 130—143, 160, 
161, 164, 170, 360 
Chonopodium 105, 121 
cherry, boo Prunus ooraBus 
Choiidrus 93 
Ohrysaiithcmum 114 
CUchorium 80 

Citrus 83, 131, 203, 327, 334, 357, 
365 

Oliulophora 347 
Clarkia 110 
Clavaria 95 
CJlitooybo 04, 05 
cdovor, SCO Trifolium 
diiicuB 114, 122 
(Joe.hlcaria 08, 310, 348 
Collotoirichiim 83, 308 
(Jollybia 78, 95 
Convallaria 104 
(k>prinuH 95 
<^orii, H<^c^ Zea 

t'oridlowcr, b<‘c (\'niaurea (‘.yaiwm 
(^>rUtiariuB 94, 95 
(iotyledon 98 

coniHcaiiB 203, 29(5 
liiiMuaefoIia 292, 293, 29(5 
obvallata 292, 293, 29(5, 353, 355 
123 

<*ranberry, h(M' Vac'ciniutn 
CraHHula 107, 298, 355 
lacX<‘a 293, 29(5 
ly(^o(K>dioidoH 107 
ob(»vat.a 293, 29(5 
portuhu^a 108 
roHoa 108, 208 
< VasHulacuvu' 209, 311 
( Vatae^uB 1 3 1 
<1r<*pis 114 
<^ro<*UH 98 
Crypioincria 88 
CiKuitniH 32(5 
(hKuirbita 87 
CuprcBBus 88, 1(5(5 
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daisy 98 
Daphnia 44 

Daucufl 84, 97, 110, 108, 3()H, 320, 
327, 356, 368 
Delphinium 100 

DianihuH 07, 100, 107, 172, 170, 
180—181 

Diccntra 100, 107 
Dicityofca 03 
112 

DiotoHtomorx 203, 206 
Doroaioum i 14 

Eohovoria 08, 208 
glaiicta 108 
motallkia 107, 108 
E()hinoo»uttiiH 110, 208, 350 
Echinonardium 303 
Epilobnim 109,' 110 
Equisetum 00, 315, 342 
Erodhim 100 
Euphorbia 109, 121, 350 

Fagopyrum 83, 84, 85, 123, 242 

Fagus 105 

Fegaiolla 05 

Fostuca 89 

Ficus 320 

Fragaria 327, 357 

Fiichsia 98 

Fuous 03 

Fu maria 100 

Fungi 04, 05, 300, 334, 35(5, 368 
Fusariuni 308, 315 

UalantihiiH 98 
Chtlium 113 

(htHiK^ria 104, 207, 208, 350 
(leraiiium 100, 122 
Cleum 108 
Glycine 123, 311 
gooHoberry, see Kibes 
gourd, sec (liicumiH 
grape, set^ Vibia 


Haworthia 104, 122, 350 
Hedera 110, 118, 348 
HelianthuH 87 

annuuH 34, 54, 50, 57, 01, 131, 
183 -228, 241, 277, 278, 348, 
340, 350, 350, 305 
multifloruH 107, 108 
iubon>HUH 113 
llolvella 05 
Heraoleum 110 
Hieracium 115 
Himanbhalia 03 
llordeuin 83, 84, 80, 80, 320 
HyiwdathuK 80, 07, 316 
Hydrangea 80 
HyjK^ricum 100, 121 
Hypholoma 04, 05 
Hypo(*h(>eris 115, 118 

IheriK 107 
Ilex 133 
Inula 113 
Ipomea 81, 320 

JiiniperuH 88, 132, 100 

Kleinia 114, 115, 122, 203, 200, 355 

La<d.ariuH 04, 05 
Latduea .350 
Laminaria 03, 04 
Lanuiiin 1 10 
album 111 

purpunMim 111, 143 M5, KU, 

102, 103, 170, 348 
Lantana 81 
Lapsana 114, 350 
Larix 100 
LathyniH 30, lOO 
Laureneia 0,3 
lemon, (3truH 
Ix^otia 05 

lettucio, seek Lactuca 
Ligustrum 111, 148 151, 161, 102, 

163, 104, 105, 173, 177, 170, 180 
bis 181, 348, 350 
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Lilium 104, 117 
limo, Hoo OitruH 

LimiLaiithoH 109, IIB, 121, 169, 170, 
174, 179, 180—181 
Liiium 89 
Ijistora 104 
luonioora 113 

LupinuH 83, Sf), 86, 87, 89, 132 
albua 108, 293 
LychuiH lOf), 117 
LyHimaohia 110 

Magnolia 97 
Mai-glOokolioii 97 
Man'.hantia 95 
Matricaria 113, 114, 118 
Matthiola 107 
Mcdic^a^c) 

Hativa 83, 85, 123, 335 
Mentha 111, 121 
Mercurial iH 
annua 109 
pon^nniH 87 

Mcwcmbryantheiuuin 1 22, 292, 294, 
299 

cchinatiini 293, 290 
Ijchmaniiii 293 
linKa<4ormc 293, 296, 299 
Htelli|L?crum 105, 298 
ti^rinum 105 
Miiniihis 112, 118 
Men ilia 320 
Muhji 326 

inii.st.anl, h<m* SiiiapiH 
Mycena 95 
MyoHoiis 111 

Nan'iHHUH 97 
Nasturlium 107 
NopcnihcH 14, 83 
Nicoiiana 112 

NiUdla 23, 93, 276, 278, 301, 315, 
317, 318, 319, 324, 328 
Nymphaca 89 


oats, see Avena 
Oonanthe 110 
Oidium 368 

Opuiitia 81, 80, 128, 298, 299, 320, 
321, 323 

orange, see Citrus 
Orchis 104, 121 
Ornithopus 85 
Oryza 88, 202 

PanuH 94, 95 
I^apavor 106 
ParacentrotuH 303 
L\>xliculariH 112 

J^dargoniuin 54, 56, 80, 109, 180, 
320, 341, 348 
P<-loiuyxa 305 
Flutscolus 308, 346 
Phlox 111, 118 
PhyllocactuH IJO, 350 
Picca 88, 166 
PiloboluH 94 
pincappk^ 327, 356 
PinuH 88, 97, 166 
J>iHum 85, 86, 91, 109 
Plantago 112, 113 
Poa 89 

PodocarpuH 88 
Polygala 109 
Polygonaccac 297, 371 
l^olygnnuiu 105 
PolyporiiH 95 
PolyHiictuH 95 
Polytri<*huin 96 
PoU^ntilla lOS, 122 
PohU'Ihiii 347 
J^rimula 80 
auricula 110 
uhcoiiica 80 
HinousiH 80 

vulgaris 110, 121, 170, 171, 177, 
179, 180—181, 350 
Prunella 111 
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